The complexity of walking. Cognitive control of gait in aging and Parkinson's disease by Nieuwhof, F.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/176480
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.

The complexity of walking
Cognitive control of gait in aging and Parkinson’s disease
Freek Nieuwhof
ISBN: 9789462841130
Design: Bregje Jaspers, proefschriftontwerp.nl, Nijmegen
Printed by: Ipskamp Printing
Support
The work in this thesis was funded by the European Commission Seventh Framework Program 
(FP7-HEALTH project V-TIME - 278169) and the Van Leersum fund (Van Leersumfonds, Koninklijke 
Nederlandse Academie van Wetenschappen – KNAW).
Copyright © Freek Nieuwhof 2017 
No part of this thesis may be reproduced in any form without prior written permission of the author.
Cover and chapter pages silhouette image 
Source image: Bob Comix, Creative Commons Attribution-Share Alike 4.0 License, 
http://www.supercoloring.com/silhouettes/old-couple. 
The complexity of walking
Cognitive control of gait in aging and Parkinson’s disease
Proefschrift
ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de rector magnificus prof. dr. J.H.J.M. van Krieken,
volgens besluit van het college van decanen
in het openbaar te verdedigen op vrijdag 27 oktober 2017
om 12.30 uur precies
door
Freek Nieuwhof
geboren op 4 juni 1986
te Nijmegen
Promotoren
Prof. dr. M.G.M. Olde Rikkert
Prof. dr. B.R. Bloem
Copromotoren
Dr. M.F. Reelick 
Dr. R.C.G. Helmich
Manuscriptcommissie
Prof. dr. R. Cools
Prof. dr. M.W.G. Nijhuis-Van der Sanden
Prof. dr. J.J. van Hilten (LUMC)


Contents 
Chapter 1:   Introduction
Chapter 2:   Emerging therapies for gait disability and balance impairment: 
promises and pitfalls
Chapter 3:   Measuring prefrontal cortical activity during dual task walking 
in patients with Parkinson’s disease: feasibility of using a new 
portable fNIRS device
Chapter 4:   The role of the frontal lobe in complex walking among 
patients with Parkinson’s disease and healthy older adults: 
an fNIRS study
Chapter 5:    Impaired dual tasking in Parkinson’s disease is associated with 
reduced focusing of cortico-striatal activity
Chapter 6:   Effects of virtual reality gait training (V-TIME study intervention) 
on prefrontal cortical activity during complex walking in older 
adults with a history of falls
Chapter 7:   Addition of a non-immersive virtual reality component to 
treadmill training to reduce fall risk in older adults (V-
TIME): a randomised controlled trial
Chapter 8:   Summary and discussion
Nederlandse samenvatting 
Dankwoord 
List of publications 
Curriculum vitae 
Dissertations of the disorders of movement research group 
Donders Graduate School for Cognitive Neuroscience
9
23
49
79
99
137
159
197
215
221
225
227
229
235
Partly published as:
Mirelman A, Rochester L, Reelick MF, Nieuwhof F, Pelosin E, Abbruzzese G, Dockx K, Nieuwboer A, 
Hausdorff JM. V-TIME: a treadmill training program augmented by virtual reality to decrease fall risk 
in older adults: study design of a randomized controlled trial. BMC Neurology 2013; 13:15.
It’s hard to argue when 
you won’t stop making sense
Snow Patrol – Hands open
Chapter 1 
Introduction
 
Chapter 1
10
Complex walking
Walking through cities, parks, shops and forests; most of us just do it. We don't even seem 
to think about it. But let’s give it some more thought. It is not just walking. During walking, 
which mainly is a motor task, we often perform another (mostly cognitive) task as well. 
While walking, we occasionally talk to the person walking next to us, we think about what 
to buy in the grocery store and step over tree roots as if it requires no effort at all. Such 
a simultaneous performance of two tasks is called dual tasking. Although we often take 
for granted that we are able to do this, this ability requires complex neural mechanisms. 
Understanding such neural mechanisms, in both healthy conditions and disease states, is 
crucial to help those who are not so fortunate to be able to perform dual or multiple tasks 
without much difficulty. In this thesis, I focus on dual tasking in the context of walking, which 
I will call complex walking. 
Complex walking in aging and Parkinson’s disease
The way we walk, called gait, is affected by the complexity of the task at hand. When 
performing another task next to walking, here referred to as complex walking, gait 
deteriorates. For most of us this deterioration is small, and moreover, gait performance 
is high to begin with. Dual task walking will thus not lead to noticeable alteration in gait. 
However, for some populations, complex walking is not that trivial. Many older adults, 
especially those with Parkinson’s disease (PD), experience considerable difficulties to walk 
in challenging situations (Peterson & Horak, 2016). A classic example of these difficulties 
is the so called “stops walking while talking”. In 1997, Lundin-Olsson and colleagues first 
described this phenomenon (LundinOlsson, Nyberg, & Gustafson, 1997). They found that 
older adults who stopped walking when a conversation was started were more likely to 
fall in the following six months than older adults who continued walking while engaged in 
conversation. 
 Falls among older adults are common. Approximately 30% of community-dwelling 
adults over the age of 65 fall at least once a year (Blake et al., 1988; Halfens et al., 2015; 
Rubenstein & Josephson, 2006; Tinetti, Speechley, & Ginter, 1988). In persons with PD or 
dementia, falls are even more frequent with annual incidence rising to 60–80% (Tinetti 
et al., 1988; Wood, Bilclough, Bowron, & Walker, 2002). Most falls occur during walking 
(Bloem, Grimbergen, Cramer, Willemsen, & Zwinderman, 2001; Mackenzie, Byles, & D'Este, 
2006; Sartini et al., 2010) and, not surprisingly, gait impairment has been associated with 
an increased risk of falls (Axer, Axer, Sauer, Witte, & Hagemann, 2010; Hausdorff, Rios, & 
Edelberg, 2001). The consequences of falls may be severe, and via fractures and serious 
bleeding, may lead to institutionalization, loss of functional independence, disability, fear of 
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falling, depression and social isolation (Rubenstein & Josephson, 2006). Thus, effective fall 
prevention methods are needed and should include treatment to improve complex walking 
abilities. 
Neural mechanisms underlying dual task walking 
For (further) development and improvement of treatment methods such as the V-TIME 
intervention (Mirelman et al., 2016; Mirelman et al., 2013), which are aimed at enhancing 
complex walking abilities, and thereby avoiding falls, knowledge about underlying neural 
mechanisms is very important. When these mechanisms are better understood, treatment 
could either be targeted at stimulating compensatory mechanisms or suppressing 
pathological mechanisms, or even be targeted at specific patient groups. Several neural 
networks and brain areas are known to be involved in complex walking and are thus likely 
involved in mechanisms underlying impaired complex walking. 
 One of these networks is the locomotor network. This network consists of the 
frontal cortex (pre-, supplementary- and primary motor areas), basal ganglia, brainstem 
tegmentum (specifically, the mesencephalic locomotor region), and the cerebellum (Bohnen 
& Jahn, 2013; Nutt, Horak, & Bloem, 2011; Peterson & Horak, 2016). Cortical locomotor 
commands originate from the premotor and supplementary motor cortices and reach the 
brain stem locomotor centers via the basal ganglia (Bohnen & Jahn, 2013; Nutt et al., 2011). 
The cerebellum provides multisensory integration through projections to the midbrain 
tegmentum. Over the years, it has become evident that complex walking not only relies 
on this locomotor network but includes higher order cognitive control (Cohen, Verghese, & 
Zwerling, 2016; Morris, Lord, Bunce, Burn, & Rochester, 2016). It requires cognitive functions 
like attention, shifting between tasks, inhibition (ignoring irrelevant information), and motor 
planning. These are mainly executive functions that rely on prefrontal cortical areas (Morris 
et al., 2016). 
 In aging and PD, altered prefrontal cortical functioning has been suggested as a 
neural mechanism underlying impaired complex walking abilities. This idea is built on several 
findings (Cohen et al., 2016; Morris et al., 2016). First, impaired executive functioning, 
present in aging and even more in PD, is associated with abnormal gait (Amboni, Barone, 
& Hausdorff, 2013). Second, impaired executive functioning and gait share the same 
neuroanatomical substrates, such as white matter hyperintensities and reduced (prefrontal) 
grey matter volume (Holtzer, Epstein, Mahoney, Izzetoglu, & Blumen, 2014). Third, a change 
in gait is a predictor of future cognitive impairment and dementia in older adults (Amboni 
et al., 2013). These findings show a close relationship between executive functions and gait. 
Executive functions, and thus the prefrontal cortex, are important for complex walking, 
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but deteriorate in aging. Thus, altered prefrontal cortical functioning might very well cause 
complex walking difficulties in aging. 
 Next to prefrontal dysfunction, specific neural mechanisms might be at play in 
PD. In 1817, James Parkinson first described this disease as “the shaking palsy” (Parkinson, 
2002). Later, the disease was named after him and was associated with a range of symptoms. 
These include motor symptoms such as bradykinesia (slowness of movement), hypokinesia 
(less and smaller movement than intended), rigidity (muscle stiffness), tremor, and postural 
instability. Furthermore, many patients have autonomic dysfunction such as gastrointestinal 
symptoms and urinary and sexual dysfunction. Finally, mood changes such as depression 
and cognitive problems, such as impaired dual tasking, impaired cognitive flexibility, and 
cognitive slowing, are common. The pathophysiological hallmark of PD, underlying most of 
these symptoms, is dopamine depletion in the basal ganglia. This is a group of subcortical 
nuclei including putamen, caudate, and accumbens, which together are called the striatum. 
The striatum is connected with the cortex via several parallel loops, including the motor, 
cognitive and motivational loops (Alexander, DeLong, & Strick, 1986). The posterior striatum 
(dorso-lateral putamen) is mainly involved in motor control, and the anterior striatum 
(anterior putamen and caudate) in executive control. In posterior striatum the dopamine 
depletion in PD is most pronounced, which is in line with the obvious motor symptoms 
patients have. Given that the parallel architecture of the striatum is thought to support 
dual tasking, and given that striatal function is impaired by dopamine depletion in PD, this 
structure is likely involved in impaired dual tasking (such as complex walking) in PD.
Techniques to investigate neural mechanisms (fMRI and fNIRS)
In the work described in this thesis, we applied two neuroimaging techniques to investigate 
neural mechanisms underlying complex walking: fNIRS and fMRI. With these two techniques, 
we were able to investigate the prefrontal cortex and striatum, see figure 1. Background 
on fNIRS and fMRI can be found in boxes 1 and 2, respectively. The major advantage of 
fNIRS is that it can be portable and thereby allows for neuroimaging in behaviorally valid 
settings, in our case during actual walking. Also, fNIRS is relatively low-cost and easy to 
use for both investigator and participant. We developed a protocol exploiting fNIRS that 
allowed us to measure prefrontal cortical activity during usual walking, dual task walking 
and obstacle negotiation. However, fNIRS also has several disadvantages. Most importantly, 
it has a limited spatial resolution and only reaches a few centimeters into the brain, failing 
to reach subcortical areas such as the striatum. Therefore, we also developed an fMRI 
protocol. Advantages of fMRI are that it allows whole brain measurements of activity, 
including subcortical areas, with high spatial resolution. Since MRI requires a supine position 
with minimal head movement, we used a lower limb motor task to resemble walking and 
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combined that with a cognitive task to investigate dual tasking in fMRI. Beside the restricted 
supine position, disadvantages of fMRI are that it is relatively high-cost and restricted to 
participants without contra-indications such as ferromagnetic implants or pacemakers. 
Details of these paradigms are provided in the relevant chapters throughout this thesis 
(chapters 3-6). 
Figure 1. Brain areas investigated in this thesis.
Altered prefrontal cortical functioning might be involved in complex walking impairments in both aging and 
Parkinson’s disease. Striatal dysfunction in Parkinson’s disease might offer a disease specific mechanism causing 
complex walking impairments. The prefrontal cortex was specifically assessed with fNIRS, the green areas shows 
the brain parts roughly investigated. The striatum (specifically the putamen) was assessed with fMRI.
Chapter 1
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Box 1. Functional Near Infrared Spectroscopy 
Functional near-infrared spectroscopy (fNIRS) is a non-invasive, optical neuroimaging technique. 
It uses light in the near-infrared range (650-1000nm) to measure oxygenation of human tissue 
(Ferrari & Quaresima, 2012). It was first applied to muscle tissue (Chance, 1991). Later, Frans 
F. Jobsis was the first to apply it to brain tissue (Jobsis, 1977). In order to perform optical 
neuroimaging with fNIRS, light-transmitting and light-receiving optodes are placed on the scalp 
over the region of interest (figure 2). Importantly, near-infrared light penetrates human tissue. 
When transmitted from an optode, it penetrates the skin, skull and cortex. Part of the light will 
scatter or be absorbed, and the remaining light will reach the receiver via a banana-shaped path 
(figure 2). When taking the amount of scattering into account, the amount of light reaching the 
receiver is directly influenced by the amount of light that is absorbed. The absorbing chromophore 
of interest here is hemoglobin. Hemoglobin transfers oxygen to brain tissue and has two variants: 
oxyhemoglobin (O2Hb) and deoxyhemoglobin (HHb). O2Hb and HHb have different absorption 
spectra. When concentrations of O2Hb and HHb change, so will the absorption and thus the 
amount of light reaching the receiver. Using this principle with light at different wavelengths, 
the attenuation of light from transmitter to receiver can be used to calculate changes in O2Hb 
and HHb concentrations with the modified Beer-Lambert Law (Scholkmann et al., 2014). These 
concentration measures offer an indirect measure of cortical activity. When neurons are active, 
oxygen metabolism increases. This is supported by a large increase in oxygenation of the active 
region through neurovascular coupling (increased cerebral blood flow and cerebral blood 
volume). A typical signal of neural activity thus consists of an increase of O2Hb concentrations, 
and a slight decrease in HHb concentrations (Ferrari & Quaresima, 2012; Scholkmann et al., 
2014). This is known as the hemodynamic response function. 
In the studies presented in this thesis, we used two PortaLite™ fNIRS systems (Artinis 
Medical Systems, Elst, the Netherlands). This is a lightweight and portable system which 
allows continuous measurements during behaviorally valid settings. Typical for fNIRS studies, 
experimental conditions are repeated several times and contrasted with other conditions or a 
baseline measurement. This increases reliability and rules out the potential influence of random 
fluctuations in cortical oxygenation. 
Figure 2. Functional near-infrared spectroscopy.
Placement of devices (left) and illustration of light following a banana shaped path (right). 
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Figure 3. Functional magnetic resonance imaging. 
Examples of structural and functional scans and analysis 
results (brain areas in which activity was larger during ankle 
movements than during baseline, averaged over 26 healthy 
participants). The figures display data from chapter 5. 
Box 2. Functional Magnetic Resonance Imaging 
Functional magnetic resonance imaging (fMRI) has been available since the early 1990’s (Ogawa, 
Lee, Kay, & Tank, 1990). Like fNIRS (see box 1) it offers an indirect measurement of cortical 
activity by measuring changes in blood oxygenation over time (the blood oxygen level-dependent 
(BOLD) signal). For this, magnetic properties of oxygenated and deoxygenated haemoglobin are 
exploited to create images in which the intensity reflects the level of oxygenation. Such images 
cover the whole brain and are typically made about every 2 seconds (figure 3). 
While collecting these images, participants are typically asked to perform a task while lying 
supine in the scanner. This enables quantification of oxygenation, and thereby neural activity in 
response to the task being performed. Neural activity can either be estimated over a longer period 
of time (e.g. 30 seconds of task performance, block design) or more rapidly directly after a short 
stimulus (e.g. within a few seconds, event-related design). The same experimental conditions are 
typically repeated multiple times to increase reliability of measurements. Also, neural activity at 
a given moment is considered to be a combination of stimulus or task dependent neural activity 
and unrelated ongoing neural activity (Huettel, 2004). To rule out unrelated ongoing activity, 
task studies contrast neural activity between experimental conditions, or between a condition 
and baseline (figure 3). Often, structural MRI, which has a higher spatial resolution than fMRI, is 
used to define the subject’s individual anatomy. 
Structural MRI scan
Functional MRI scan
Analysis result Activity during ankle movement > during baseline
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We applied fNIRS and fMRI in several cross-sectional studies (chapters 3-6). These studies 
aimed at defining pathophysiological mechanisms underlying complex walking difficulties 
in aging and PD. Furthermore, we were interested in the possibilities of altering such 
mechanism s by treatment. Therefore, we applied fNIRS before and after treadmill 
training which aimed at improving complex walking abilities and preventing falls (chapters 
6). These intervention studies were implemented in the V-TIME project, in which I 
participated during the past 5 years (chapter 7). Importantly, all pathophysiological studies 
were performed before participants started training programs and were thus unbiased by 
this intervention. 
Treadmill training with virtual reality to reduce fall risk (V-TIME project)
The V-TIME project aimed at fall prevention through gait training. Many intervention 
programs have been proposed and evaluated to reduce fall risk (Lundebjerg et al., 2001). 
However, despite the extensive knowledge on fall risk, there is no consensus as to the most 
efficacious or optimal treatment approach (Gillespie et al., 2012; Hauer, Becker, Lindemann, 
& Beyer, 2006). Common treatments include exercise programs to improve strength or 
balance, educational programs, medication optimization, environmental modification 
and multi-factorial interventions involving a combination of several modalities. However, 
the effects on fall prevention tend to be small and the reported changes on fall risk are 
largely focused on motor aspects with limited long-term retention (Gillespie et al., 2003; 
Goodwin, Richards, Taylor, Taylor, & Campbell, 2008; Kannus et al., 1999). We propose 
that insufficient focus on cognitive aspects, in particular, the motor-cognitive interactions 
that contribute to fall risk, might contribute to the suboptimal success of previous fall 
risk interventions. Even if cognitive function is targeted, it is generally done so in isolation 
and the motor-cognitive interactions are not directly addressed in an integrated fashion 
needed to successfully and safely ambulate in daily living (Varma et al., 2016). To address 
this challenge, a multi-modal treadmill training program augmented by virtual reality 
(VR) was developed to deal with both the motor and cognitive aspects of fall risk and to 
promote motor learning critical for key tasks of safe ambulation. In general, VR is defined 
as a “high-end-computer interface that involves real time simulation and interactions 
through multiple sensorial channels” (Burdea, 2003; de Bruin, Schoene, Pichierri, & Smith, 
2010; Mirelman et al., 2011). VR can be used to provide training in a more stimulating 
and enriching environment than traditional rehabilitation whilst providing feedback 
about performance to assist with learning new motor strategies of movement. Therefore, 
treadmill training augmented by VR is, theoretically, well-suited as a multi-factorial 
intervention for fall risk since it is designed to focus on the motor-cognitive aspects of fall 
risk such as dual tasking, obstacle negotiation and executive function. 
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In the V-TIME project, the primary aim was to investigate whether six weeks of treadmill 
training augmented by VR reduces the risk of falls in a relatively large and diverse group 
of older adults (N=300), many of whom will likely have a spectrum of motor and cognitive 
deficits. Older adults with and without PD or mild cognitive impairment were included. The 
study compared training effects of treadmill training augmented by VR against an active 
control paradigm (treadmill training without VR) in a randomized controlled trial. Important 
secondary aims were; (1) to investigate neural mechanisms underlying complex walking 
disabilities in older adults and patients with PD and (2) to investigate potential neural 
mechanisms underlying training induced changes in complex walking abilities. Over the past 
4 to 5 years, I collaborated on the entire V-TIME project, and performed several studies 
designed to address the two secondary aims regarding neural mechanisms underlying 
complex walking. 
Aims and Outline
This thesis aimed to provide insight into the neural mechanisms underlying dual task difficulties 
in older adults with and without PD. For this purpose, I divided the thesis in three parts. 
 First, I will describe two preparational studies. In chapter 2, I will provide a review 
of therapeutic options for gait and balance deficits, and conclude with the promises and 
pitfalls in this area of research. In chapter 3, I will describe the feasibility of using fNIRS to 
measure prefrontal cortical activity during actual walking in older persons with PD. I will 
provide details on protocol development and individual variation in fNIRS data.
Second, I applied fNIRS and fMRI in cross-sectional studies aimed to identify potential neural 
mechanisms underlying complex walking impairments. In chapter 4, I investigated to what 
extent prefrontal cortical activity during complex walking, measured with fNIRS, differs 
between older adults with and without PD. Based on observed differences in prefrontal 
cortical activity during several walking tasks, I will elaborate on mechanisms causing dual 
task difficulties in PD. Then, in chapter 5, I will describe the application of a newly developed 
fMRI dual task paradigm to enable investigation of striatal activity during dual tasking. In 
this chapter, I will propose a new view on how striatal dysfunction might contribute to dual 
task impairments in PD. In chapter 6, I focus on older adults with a history of falls. I will 
investigate whether altered prefrontal cortical activity, measured with fNIRS, might underlie 
dual task impairments in this group.
 Third, I investigated whether treadmill training with and without virtual reality 
altered prefrontal cortical activity during usual walking, dual task walking and obstacle 
negotiation, in older persons with a history of falls (chapter 6). Effects of both types of 
training on fall incidence and several other behavioral outcome measures are described 
in chapter 7. 
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Finally, chapter 8 provides a summary of the main findings of this thesis, a discussion of the 
most relevant findings, and implications for clinical work and future research. 
Box 3. Key terms and abbreviations used throughout this thesis and their definitions:
Complex walking Walking with environmental challenges, demanding cognitive control for safe  
ambulation
Dual tasking Simultaneous performance of two tasks
Dual task walking Walking while simultaneously performing any other task
Elderly faller Older adult (60 years old or older) who experienced at least two falls in the six 
month preceding participation in any of our studies
fNIRS functional Near Infrared Spectroscopy, see box 1
fMRI functional Magnetic Resonance Imaging, see box 2
Gait The way we walk
HHb Deoxygenated hemoglobin
PD Parkinson's disease
O2Hb Oxygenated hemoglobin
V-TIME Virtual reality-Treadmill combined Intervention for enhancing Mobility and reducing 
falls in the Elderly. Research project within which the research presented in this 
thesis was embedded.
Virtual Reality A "high-end-computer interface that involves real time simulation and interactions 
through multiple sensorial channels"
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Abstract
Therapeutic management of gait and balance impairment during aging and 
neurodegeneration has long been a neglected topic. This has changed considerably during 
recent years, for several reasons: (a) an increasing recognition that gait and balance deficits 
are among the most relevant determinants of an impaired quality of life and increased 
mortality for affected individuals; (b) the arrival of new technology that has allowed for new 
insights into the anatomy and functional (dis)integrity of gait and balance circuits; and (c) 
based in part on these improved insights, the development of new, more specific treatment 
strategies in the field of pharmacotherapy, deep brain surgery and physiotherapy. The initial 
experience with these emerging treatments is encouraging, although much work remains 
to be done. This narrative review aims at discussing several promising developments in the 
field of gait and balance treatment. We also address several pitfalls that can potentially 
hinder a fast and efficient continuation of this vital progress. Important issues that should 
be considered in future research include a clear differentiation between gait and balance 
as two distinctive targets for treatment, and recognition of compensatory mechanisms as a 
separate target for therapeutic intervention.
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Introduction
The therapeutic management of gait disability and balance impairment has long been a 
neglected topic, presumably because these two axial symptoms – despite being common and 
often devastating – were perceived as being largely untreatable. However, gait disability and 
balance impairment have become exciting topics in recent years, for all, clinicians, scientists 
and health policy makers, for a variety of reasons. First, there is growing recognition that gait 
disability and balance impairment are among the most relevant determinants of an impaired 
quality of life (Ellis et al., 2011; Jorstad, Hauer, Becker, Lamb, & ProFa, 2005; Marras et al., 
2008; Muslimovic et al., 2008; Soh, Morris, & McGinley, 2011) and an increased mortality 
(Auyeung et al., 2012; Verghese et al., 2006). Second, new technology such as advanced 
structural (Stoessl, Martin, McKeown, & Sossi, 2011) and functional brain imaging (Jahn 
& Zwergal, 2010) (often using mental simulation of action to study gait and balance while 
lying recumbent in the scanner (Bakker et al., 2008; la Fougere et al., 2010)) have become 
available, allowing for accurate measurements of the brain anatomy and cerebral activation 
patterns related to gait and balance. Finally, new treatment approaches are beginning to 
see the light, including pharmacotherapy, deep brain stimulation and physiotherapy, with 
encouraging initial results.
 Our main aim here is to offer the reader a “bird’s eye perspective” of the various 
opportunities and difficulties that are associated with these therapeutic developments for 
gait and balance deficits (Table 1). This makes it necessary to describe therapeutic studies 
relevant for this review in a relatively condensed form; we refer to Table 2 for further details. 
In addition, specific interventions will be addressed by other papers in this volume. We will 
focus mainly on developments in the field of Parkinson’s disease (PD) because the evidence 
is most abundant for this condition, but we will mention other neurodegenerative diseases 
whenever this is relevant. 
Table 1. Promises and pitfalls in the emerging therapies for gait disability and balance impairment
Promises
Increasing focus on gait and balance in drug and neurosurgical trials
Increasing focus on gait and balance in allied health studies
Growing interest from private companies to build supportive tools
Advanced development of ambulatory monitoring devices and domestics
Pitfalls
Lumping gait and balance disabilities despite different pathophysiologies
Failure to accommodate compensatory mechanisms
Failure to promote physical activity
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Promising developments and opportunities
Increasing focus on gait and balance in drug trials
Many previous clinical trials failed to address gait and balance problems adequately, in part 
because of a lack of interest, but also in part because good outcome measures were lacking. 
For example, in the field of PD, clinical trials at best used a set of the gait and balance 
items that were scored routinely as part of the Unified Parkinson’s Disease Rating Scale 
(UPDRS). However, many of these items represent only crude measures of gait and balance 
disability, and are subject to variations in clinical performance and interpretation (Maetzler, 
Domingos, Srulijes, Ferreira, & Bloem, 2013).
 This situation has changed in recent years, and several drug studies have focused 
specifically on potential improvements in gait or balance. For example, freezing of gait 
(FOG) is now widely recognized as an important cause of falls in the field of PD (Kerr et 
al., 2010; Latt, Lord, Morris, & Fung, 2009), and the advent of better clinical outcomes – 
including detailed questionnaires (Nieuwboer et al., 2009) and clinically based tests such as 
rapid turning on the spot (Snijders, Haaxma, Hagen, Munneke, & Bloem, 2012; Spildooren 
et al., 2012) – has permitted better study of this intriguing phenomenon. A series of drug 
studies has focused specifically on FOG and, taken together, it is becoming clear that 
dopaminergic medication (in particular levodopa (Nutt et al., 2011; Schaafsma et al., 2003) 
but also monoamine oxidase inhibitors such as rasagiline (Giladi, 2008)) can at least partially 
alleviate OFF state FOG for most patients , despite rare cases where levodopa can worsen 
this symptom when it occurs in the ON state (Espay et al., 2012).
 Other studies have benefited from the advent of quantitative electrophysiological 
outcomes as objective surrogate for the clinical scores. Examples include the use of 
electromyography or kinematic analyses for the quantitative assessment of gait, in patients 
walking either on stationary surfaces or on motorized treadmills. These techniques have 
also been used to objectively study balance, in patients standing either on a stable support 
surface (“static posturography”) or on a movable support surface (“dynamic posturography”) 
(Visser, Carpenter, van der Kooij, & Bloem, 2008). Inclusion of such objective parameters in 
clinical studies has helped to generate new knowledge about the influence of old and new 
drugs on gait and balance disabilities. For example, various studies have used posturography 
techniques to test the effects of dopaminergic medication on quantitative sway parameters 
in PD, showing that some elements of affected postural control are partially dopa-responsive, 
although most others are dopa-resistant or even induced by dopaminergic medication (see 
e.g. (Beuter, Hernandez, Rigal, Modolo, & Blanchet, 2008; Chung, Lobb, Nutt, McNames, & 
Horak, 2010; Grimbergen, Langston, Roos, & Bloem, 2009)).
 One relevant consequence out of these studies (but also from functional studies 
(Vingerhoets, Schulzer, Caine, & Snow, 1997)) was that the dopaminergic system could 
no longer be held primarily responsible for axial function and deterioration, underscoring 
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the need for development of non-dopaminergic drugs. Examples are methylphenidate and 
dihydroxyphenylserine (DOPS), which have been tested as potentially promising drugs to 
improve gait because of their primarily noradrenergic properties. The noradrenergic system 
including the Locus coeruleus is affected e.g. in PD and progressive supranuclear palsy (PSP), and 
closely correlated to axial symptoms (for a review see (Vingerhoets et al., 1997)). This nucleus 
is located, adequate for its coordinator function, in the brainstem and projects to widespread 
areas in the CNS, including the cortex, cerebellum and the spinal cord. Methylphenidate has 
recently been tested in a large, double-blind RCT where gait was the prime outcome (Moreau 
et al., 2012), illustrating how important axial motor deficits are becoming. In this study (which 
involved advanced PD patients who had previously received subthalamic nucleus stimulation), 
gait hypokinesia and freezing improved with methylphenidate during an observation period 
of 90 days. A positive effect in particular on gait, retropulsion and festination in patients 
with Parkinsonism based on the clinical impression of a neurologist has been observed in a 
large dose-finding study with L-threo-DOPS (Narabayashi, Kondo, Yokochi, & Nagatsu, 1987), 
however others did not find such an effect (Quinn, Perlmutter, & Marsden, 1984), and the 
clinical relevance is still unclear (Giladi, 2008). 
 Another non-dopaminergic target that has received much attention is the central 
cholinergic system, which includes among others the pedunculopontine nucleus in the 
dorsal mesencephalon. Compelling new evidence from both neuroimaging studies (fMRI 
and PET studies) and postmortem work has shown that this cholinergic system is crucially 
involved in gait and balance regulation (see e.g. (Bohnen et al., 2009; Karachi et al., 
2010)). In more detail, the pedunculopontine nucleus is involved in postural adjustments 
(Sinnamon, Jassen, & Vita, 2000), and can thus be seen as a critical coordinating point for 
(or between) balance and gait. These new insights have stimulated clinical trials in which the 
effect of cholinesterase inhibitors were tested, using an axial motor symptom as the primary 
outcome measure. For example, in a controlled study in PD patients, a 6-week treatment 
with donepezil led to an almost 50% reduction of falls compared to placebo (Chung, Lobb, 
Nutt, & Horak, 2010). Although the main outcome of this study – the number of falls – does 
not reveal whether donepezil improves gait, balance or even cognitive functions associated 
with falls (e.g. attention), this study did serve as a promising starting point for further and 
more specific intervention studies.
Increasing focus on gait and balance in neurosurgical trials
Neurosurgical studies are also aiming increasingly on gait and balance deficits as primary 
targets for improvement. Some studies have evaluated the effects of subthalamic or pallidal 
deep brain stimulation as a possible new approach to treat gait and balance deficits, while 
others aimed to understand why axial motor control can worsen in a subgroup of patients 
following surgery. Many of these studies used quantified treadmill walking or balance 
performance during a posturography experiment as outcomes. The overall impression is 
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that both subthalamic and pallidal deep brain stimulation can improve gait (including FOG) 
if this was dopa-responsive prior to surgery, while balance deficits are largely resistant to, or 
even worsen after deep brain stimulation (see e.g. (Ferraye et al., 2008; Grabli et al., 2012; 
Visser, Allum, et al., 2008)).
 Stimulated by the aforementioned new pathophysiological insights, attention 
has shifted more recently towards stimulation of other targets to improve gait in patients 
with advanced PD, including the pedunculopontine nucleus (Peppe et al., 2010; Stefani et 
al., 2007) and the substantia nigra pars reticulata (Weiss et al., 2013). There is increasing 
evidence supporting an integrative role on locomotion also of the latter area (D. Weiss 
et al., 2011). Particularly for these innovative and ‘high-risk’ treatments, sensitive and 
quantitative outcomes are very helpful to understand whether or not any therapeutic 
effects have occurred. For example, a subtle gait improvement that is captured only by 
electrophysiological assessment may not be clinically relevant if it is not substantial enough 
to be identified also by the clinical eye. However, such a subtle improvement could be 
important as ‘proof of concept’ that the new approach is at least affecting the symptom 
under study. Indeed, the effects of pedunculopontine nucleus stimulation have thus far 
been largely disappointing, and careful assessment of gait changes following stimulation 
of different targets within the dorsal mesencephalic locomotor region will be needed to 
identify the best area (if any) to improve axial disability.
Increasing focus on gait and balance in allied health studies
The quality of intervention studies in the field of allied healthcare has improved considerably 
during recent years, and some trials in patients with PD have shown convincing effects 
on gait and balance deficits for specific allied health interventions. Both the number and 
the quality of the intervention studies in this field are improving steadily, in particular for 
physiotherapy (Keus, Munneke, Nijkrake, Kwakkel, & Bloem, 2009). Evidence is strongest for 
external cueing, a specific physiotherapy intervention aimed to improve gait and alleviate 
FOG, and for which there is now class II evidence (see e.g.(Donovan et al., 2011; Frazzitta, 
Maestri, Uccellini, Bertotti, & Abelli, 2009; Nieuwboer et al., 2007)). Also well studied is 
treadmill walking: a Cochrane review suggested that this improves gait speed, stride length, 
walking distance and health-related quality of life in PD patients (Mehrholz et al., 2010). 
Another Cochrane review concluded that group and home-based exercise programs, as well 
as home safety interventions delivered by an occupational therapist, can help to reduce the 
risk of falling in community dwelling older adults (Gillespie et al., 2012). Nordic walking is 
also a popular intervention, both among clinicians and patients. It can positively influence 
gait speed (van Eijkeren et al., 2008) and qualitative gait parameters such as stride length 
and gait variability (Reuter et al., 2011). Further promising approaches are high-amplitude 
movements (LSVT®BIG technique) (Ebersbach et al., 2010), dancing (Hackney & Earhart, 
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2009), movement strategy training or musculoskeletal exercises (Morris, Iansek, & Kirkwood, 
2009) and Tai Chi (Li et al., 2012). 
 Cognitive training is a particularly interesting approach, as both gait and balance 
relevantly depend on (proper) cognitive function. In one study, after a 4 weeks task-specific 
dual tasking - gait training program, PD patients showed improved gait speed and gait 
variability during dual tasking (Yogev-Seligmann, Giladi, Brozgol, & Hausdorff, 2011). Another 
study (Mirelman, Maidan, et al., 2011) aimed to promote the development of new motor 
and cognitive strategies for impaired obstacle navigation (which is an important cause of falls 
in older adults (Robinovitch et al., 2013)) in PD patients. They received progressive treadmill 
training and, in parallel, virtual obstacles. Gait speed, stride length, gait variability and stride 
time improved in single and dual tasking conditions, as well as during over-ground obstacle 
negotiation (Mirelman, Maidan, et al., 2011). Results from cognitive training interventions 
in e.g. individuals without neurodegenerative diseases (Pichierri, Murer, & de Bruin, 2012; 
Segev-Jacubovski et al., 2011) and ataxia (Ilg et al., 2012) support the usefulness of cognitive 
training for the improvement of gait and balance deficits.
 Occupational therapy is another potentially useful intervention, for example via 
removal of domestic hazards. However, current evidence is less robust in this field (class 
III), although new, large and well-designed studies are now underway (Sturkenboom et al., 
2013).
Growing interest from private companies to build supportive tools
Another promising development is the mounting interest from the private business sector 
in developing assistive tools for gait and balance deficits. This has led to a rapidly increasing 
variety of assistive devices that can benefit affected patients. Straightforward examples are 
watches with alarms to remind when to take medication and to record medical history, 
and, more specific, hi-tech eye-glasses with LEDs, where patients see e.g. a checkerboard 
grid in front of them and step over the patterns. Wheeled rollators are being improved, for 
example by adding an automatic brake (to prevent festination in patients unable to use the 
normal manual brake) or by adding visual cues such as a laser light (that projects onto the 
floor in front of the subject) to overcome FOG episodes (Van Gerpen, Rucker, Matthews, & 
Saucier, 2012). These assistive devices can be used for symptomatic treatment, and enable 
an extended, safer and more effective mobility for users.
Ambulatory monitoring devices and domestics
As was pointed out before, history taking and physical assessment of gait and balance remain 
imprecise, subjective, at best semi-quantitative and thus prone to bias. A clear example 
is the pull test, which is routinely included within the Unified Parkinson’s disease rating 
scale for the assessment of balance (Foreman, Addison, Kim, & Dibble, 2011). Treadmill 
walking, posturography and other objective electrophysiological assessments offer only a 
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partial alternative, because the laboratory is an artificial environment. Findings obtained 
here may be reliable, but are often hard to translate to daily clinical life (limited ecological 
validity). These considerations have stirred a rapidly growing interest in the development of 
wearable and home-based technology, that combines several advantages: quantitative and 
objective outcomes; ability to measure longitudinally; greater efficiency (compared to time-
consuming hospital visits); and ecological validity (Maetzler et al., 2013). Various approaches 
exist, ranging from lightweight body-worn sensors (goniometers or accelerometers) to 
home-based assessments (e.g. cameras to monitor navigation patterns in and around 
the house). Several such techniques have now been validated for the assessment of gait 
and balance impairment (A. Weiss et al., 2011). Interestingly, these devices can provide 
additional information about important parameters that are now usually not available 
for users or their health professionals, e.g. activity-related energy expenditure (Bonomi, 
Plasqui, Goris, & Westerterp, 2010; van Hees, van Lummel, & Westerterp, 2009) or sleep 
behavior (Bossenbroek et al., 2010). We expect this field to advance quickly by clever 
exploitation of the potential offered by smartphones, with their built-in accelerometers and 
easy connection to the worldwide web. The first applications are beginning to find their way 
into clinical practice (Mellone, Tacconi, & Chiari, 2012).
Pitfalls of current therapeutic management
The previous paragraphs highlighted the tremendous advancements in the understanding 
and treatment of gait and balance deficits. We now pinpoint some of the most relevant 
challenges that can potentially hinder an efficient progress in the development of therapeutic 
strategies for gait and balance difficulties (Figure 1).
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Figure 1. Relevant challenges that could hinder an efficient progress in the development of therapeutic strategies 
for gait and balance difficulties, including potential solutions. 
(A) Cerebral regions involved in gait control are not identical to those involved in balance control. They differ at least 
partly from each other. Moreover, it is probable that, for both gait and balance control, more than one network 
exists. (B) Training (indicated by dashed arrows) of the primary deficit is often unsatisfactory, so why not better 
train the compensation mechanisms involved? Compensatory mechanisms conceivably have a higher probability to 
respond to (further) training than a system that has lost even the ability to perform its usual mission. (C) A physically 
active lifestyle is obviously the most important factor to prevent from gait and balance deficits, and to have a 
good outcome if these deficits occur. However, current physiotherapy programmes (indicated by the dashed curved 
arrows) are short-lasting, and not designed to structurally reverse sedentary lifestyle behavior and to motivate 
to self-management and keeping active. Here, complex interventions for therapy of deficits as well as training of 
compensatory mechanisms that include behavioral change programmes are necessary.
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Lumping gait and balance disabilities despite different pathophysiologies
A general problem is the tendency in the clinical and scientific field to lump deficits in gait, 
balance and even postural alignment under one umbrella term, e.g. by referring to their 
joint appearance as “axial disability” or “Postural Instability and Gait Difficulty” (PIGD) signs. 
This approach is partially defendable because “clinically detected abnormalities of gait 
or balance” – without further division – are the most consistent predictors of future falls 
(Ganz, Bao, Shekelle, & Rubenstein, 2007). Falls can thus be considered as a marker of axial 
motor signs, and falls are therefore frequently used as a reasonable surrogate outcome 
parameter in therapeutic trials aiming to alleviate axial motor deficits. Indeed, falls have 
been identified as one of the four relevant milestones of advanced PD, with a mean time 
from occurrence to death of approximately 4 years (Kempster, O'Sullivan, Holton, Revesz, 
& Lees, 2010). In addition to searching for possible distinct properties in pathophysiology 
and affected neural circuitries for gait and balance, it will be equally important to search 
for joint pathologies. This search is particularly relevant in the context of higher locomotor 
functions (e.g. transitions and axial turns), and also in the context of falls which typically 
result from a complex interplay between gait and balance disability. Moreover, we have 
to consider that strict differentiation between gait and balance may not help decoding the 
term “dynamic balance”, i.e. the adaptation of locomotion during initiation of gait, turning 
and avoiding obstacles, and (both voluntary and involuntary) stopping. Even FOG can be 
seen as a phenomenon of impaired coupling between balance and locomotor components 
(Nutt et al., 2011). Although variability of gait (Hausdorff, 2009) and center of mass position 
relative to the front foot (Verrel, Lovden, & Lindenberger, 2012) may be useful markers of 
dynamic balance, many aspects remain that are not well understood. 
 Still, lumping also leads to loss of valuable information. Let’s consider two 
examples. First, when a particular therapeutic intervention (e.g. multifactorial intervention 
strategies (Gillespie et al., 2012)) leads to a reduced rate of falls, it remains unclear whether 
and how each of the specific axial motor signs contributed to the observed effect. Second, 
in deep brain surgery trials, the summary score for PIGD signs is commonly used as 
outcome (Bakker et al., 2004; St George, Nutt, Burchiel, & Horak, 2010). Despite generally 
disappointing improvements in the overall PIGD summary score for all axial symptoms, 
some specific features may have responded well (e.g. cadence, gait velocity, stride length 
or step asymmetry (Johnsen, Mogensen, Sunde, & Ostergaard, 2009; Vrancken et al., 
2005)) whereas others failed to respond or even worsened (e.g. righting responses to the 
retropulsion test (Vrancken et al., 2005)).
 Another good reason NOT to lump all axial features is the fact that the underlying 
pathophysiology and prognosis of the various gait and balance deficits are very different. 
Compared to gait (which is a pro-active process), keeping balance is mainly a reactive, 
corrective, or even explorative process (Carpenter, Murnaghan, & Inglis, 2010). Moreover, 
studies using functional neuroimaging have shown that the cerebral regions involved in gait 
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control differ at least partly from those involved in keeping balance. Specifically, it has been 
suggested that two types of locomotion networks exist, with complementary responsibilities 
to organize gait: one for non-modulatory execution (involving precentral and cerebellar 
areas, as well as central pattern generators in the spinal cord), and another for planning 
and modulation of locomotion (supplementary motor area, basal ganglia, subthalamic and 
mesencephalic locomotor regions) (la Fougere et al., 2010; Wagner et al., 2008; Zwergal 
et al., 2013). In contrast, functional imaging studies in PD (Bohnen et al., 2009) and PSP 
(Srulijes et al., 2012; Zwergal et al., 2011) have associated balance deficits with thalamic and 
frontal dysfunctions. We realize that methodological differences across studies may partially 
explain these observed contrasts in neural circuitries, but it seems likely that the cerebral 
organization is different for gait and balance.
 Another argument not to lump gait and balance is the observation that these 
signs not always co-occur in individual patients. In the older adult population and in many 
neurological disorders (e.g. PD or cerebellar ataxia), gait disturbances are more common – 
and appear earlier – as compared to balance deficits (Snijders, van de Warrenburg, Giladi, 
& Bloem, 2007; Sudarsky, 2001). The opposite happens in PSP, where balance problems are 
the hallmark sign in early disease stages, even when gait is normal or only mildly impaired. 
This discrepancy again suggests a different underlying pathophysiology. Moreover, balance 
deficits appear more closely associated with (regular) falls than gait disturbances which, in 
turn, are associated with a poorer prognosis in PD (Hely, Morris, Reid, & Trafficante, 2005).
 The differential response to treatment also suggests that gait and balance are 
organized differently. In PD, the various axial symptoms respond differently to medical 
treatment. For example, various gait parameters (Morris, Iansek, Matyas, & Summers, 
1996), including most forms of FOG (Nutt et al., 2011) are at least partially levodopa-
responsive, but balance impairment is usually not (Coelho & Ferreira, 2012). A recent 
study of deep brain stimulation in PD patients found an improvement of FOG but not of 
balance parameters (Weiss et al., 2013). This all argues for relevant differences in underlying 
cerebral organization across the various axial symptoms. We therefore recommend that 
future studies address gait and balance separately, using dedicated outcomes for each of 
these axial signs.
Failure to accommodate compensatory mechanisms
During normal aging (Heuninckx, Wenderoth, & Swinnen, 2008) and in the course of 
neurological disorders such as PD (Helmich, de Lange, Bloem, & Toni, 2007) and Alzheimer’s 
disease (Saur et al., 2010), the primary neurodegenerative process activates compensatory 
mechanisms within brain circuitries that are initially spared. These compensatory mechanisms 
help to minimize or even suppress behavioral impairments. This may be particularly true for 
automated movements (Wu & Hallett, 2005). As recently shown for both gait (Mirelman, 
Gurevich, et al., 2011) and balance (Maetzler et al., 2012), compensated deficits then only 
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become visible when the system is maximally challenged, for example by adding a complex 
secondary task while patients are walking or balancing. These examples illustrate the 
high capacity of compensatory mechanisms to counteract respective primary deficits. It is 
interesting to speculate about the possibility of training or improving these compensatory 
mechanisms, in addition to the current mainstay of treatment that merely aims at correcting 
the primary deficit (Rochester, Baker, Nieuwboer, & Burn, 2011). This is an intriguing 
concept because compensatory neural pathways are not – or at least less – affected than 
the primarily affected system, and thereby conceivably have a higher probability to respond 
to (further) training than a system that has lost even the ability to perform its usual mission. 
Some currently available treatments already purposely exploit the compensatory abilities of 
the brain, the best example being external cueing techniques to improve gait (Nieuwboer 
et al., 2007; Rochester et al., 2011). External cues - stimuli associated with the initiation and 
ongoing facilitation of a movement - help to restore motor behavior by influencing (also) 
non-dopaminergic neural networks associated with gait dysfunction (Debaere, Wenderoth, 
Sunaert, Van Hecke, & Swinnen, 2003; Hausdorff et al., 2007; Rochester et al., 2011). 
 Other interventions may have incidentally trained compensatory strategies, 
an example being aerobic physical exercise which is increasingly tested as a way to drive 
adaptive cerebral plasticity and thereby reduce gait and balance deficits (Thomas, Dennis, 
Bandettini, & Johansen-Berg, 2012). It remains unknown just how aerobic exercise “works”, 
but it likely offers a generic drive to the brain so training of primary deficits cannot be entirely 
disentangled from training of the various compensation mechanisms. Other treatments 
could focus more specifically on supporting the compensatory cerebral mechanisms. 
With the advent of detailed structural and functional neuroimaging, the nature of these 
compensatory circuitries is rapidly being unravelled, not only in patients with overt disease 
(Sabatini et al., 2000; van Nuenen, Helmich, Buenen, et al., 2012) but also in the preclinical 
phase (Buhmann et al., 2005; van Nuenen, Helmich, Ferraye, et al., 2012). Future work 
could examine whether gait and balance can be improved by targeting such compensatory 
circuitries directly, via transcranial magnetic stimulation or epidural electrical stimulation 
(for cortical targets), via deep brain stimulation (for deeper targets) or via transcranial direct 
current electrical stimulation. 
 Additionally, training can be focused on behavioural adaptation as a way to 
compensate for gait and balance deficits. A striking example is the ability of many PD 
patients to ride a bicycle, even in the face of severe and incapacitating gait deficits (Snijders, 
Toni, Ruzicka, & Bloem, 2011). Cycling is a very different motor behaviour than walking, 
but it does restore the patient’s independence and ability to travel. Examples of such 
compensatory behavior are abundant, and it is impressive to see the creativity of patients 
in finding effective solutions to cope with their disability. Identifying and supporting such 
solutions is a potentially useful supplement to the traditional approach of treating the 
primary disease deficits. 
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A conceivable advantage of targeting compensatory strategies for intervention of gait and 
balance deficits is the sustainability of the learned programmes because participants help to 
co-create an influenzable training effect on their symptoms, and this self-engagement may 
motivate patients to take responsibilty for continuing with their training. The relevance of 
this issue is discussed below.
Failure to promote physical activity
The clinical significance of current physiotherapy programmes with prolonged follow-up is 
often unclear or even doubtful (Howe, Rochester, Neil, Skelton, & Ballinger, 2011; Kwakkel, 
de Goede, & van Wegen, 2007; Mehrholz et al., 2010). This is possibly due to the fact that 
these programmes are not designed to structurally change behavior and to “induce” a 
sustained active lifestyle. Reversing the sedentary lifestyle of elderly subjects (Lee et al., 
2012) and patients with neurodegenerative disorders (van Nimwegen et al., 2011) could 
have beneficial effects on gait and balance, achieve generic health benefits and increase 
survival (Lee et al., 2012; Lopez, Mathers, Ezzati, Jamison, & Murray, 2006; Speelman et al., 
2011). However, motivating a sedentary person to become more active even in the long term 
is a challenging task, and complex interventions that include behavioral change programmes 
may be necessary to achieve this goal (Prochaska & Velicer, 1997). A recent example is the 
randomized controlled ParkFit trial, which evaluated the effect of a multifaceted behavioral 
change programme on physical activities in 540 sedentary PD patients over a period of 24 
months. The primary outcome (LASA physical activity questionnaire) did not differ between 
the intervention group and controls, but the secondary outcomes (including both subjective 
and objective measures of daily activity and physical fitness) showed significant benefits for 
the treatment group that persisted for two years (van Nimwegen et al., 2013). There were 
no adverse effects, in particular no cardiovascular complications or increase in falls. These 
results are far from final, but certainly justify further in-depth exploration of the merits of 
such behavioural change interventions. The challenge is to promote patient engagement 
and self-management, such that even elderly patients become (and remain) motivated 
to overcome their gait and balance deficits. It will be essential to develop physical activity 
programs that patients can incorporate into their daily routines, for example by allowing 
them to follow the program at home. Treatment compliance seems to be much higher, 
sustained and effective for domestic interventions as compared to interventions based in 
the lab, hospital or even the fitness school (Effing et al., 2007; Ferrier, Blanchard, Vallis, 
& Giacomantonio, 2011; McCarthy et al., 2004). A promising new development is the use 
of gaming to induce sustained changes in behavior (Mirelman et al., 2013), for example 
by changing the act of exercise into a naturalistic game (exergaming). The potential of this 
training is based on the feeling of “being there”, followed by greater distraction, enhanced 
enjoyment and reduced tiredness (de Bruin, Schoene, Pichierri, & Smith, 2010).
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In the long-term, self-management will become essential as a gratifying and economically 
attractive therapeutic approach to reduce gait and balance deficits.
Conclusion
Owing to recent developments in the basic understanding and diagnosis of gait and balance 
disability, these conditions are no longer perceived as being largely incurable. The positive 
results of specific therapeutic interventions that were based on new insights confirm this 
change in perspective, and create hope for further progress in the treatment of gait and 
balance deficits. However, researchers and clinicians have to be aware of several challenges 
that may hinder these advancements. We have discussed some of these in this review, 
including the disadvantage of lumping deficits in gait, balance and posture under one 
umbrella term, as well as the opportunities offered by exploiting compensation mechanisms 
as a novel therapeutic target. Moreover, we have argued that gait and balance deficits are 
negatively influenced by the sedentary lifestyle that is typical for patients with mobility 
deficits, and we have highlighted that strategies to increase motivation and self-engagement 
create new opportunities to achieve a more active lifestyle and treatment compliance. 
Taken together, this forms the basis for further development of multifaceted intervention 
strategies aimed at alleviating the disability resulting from gait impairment and postural 
instability.
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Abstract
Many patients with Parkinson’s disease (PD) have difficulties in performing a second task 
during walking (i.e., dual task walking). Functional near infrared spectroscopy (fNIRS) is a 
promising approach to study the presumed contribution of dysfunction within the prefrontal 
cortex (PFC) to such difficulties. In this pilot study, we examined the feasibility of using a 
new portable and wireless fNIRS device to measure PFC activity during different dual task 
walking protocols in PD. Specifically, we tested whether PD patients were able to perform 
the protocol and whether we were able to measure the typical fNIRS signal of neuronal 
activity. 
 We included 14 PD-patients (age 71.2±5.4 years, Hoehn and Yahr stage II/III). The 
protocol consisted of five repetitions of three conditions: walking while i) counting forwards, 
ii) serially subtracting, and iii) reciting digit spans. Ability to complete this protocol, 
perceived exertion, burden of the fNIRS devices and concentrations of oxygenated (O2Hb) 
and deoxygenated (HHb) hemoglobin from the left and right PFC were measured. 
 Two participants were unable to complete the protocol due to fatigue and mobility 
safety concerns. The remaining 12 participants experienced no burden from the two fNIRS 
devices and completed the protocol with ease. Bilateral PFC O2Hb concentrations increased 
during walking while serially subtracting (left PFC 0.46 µmol/L, 95% Confidence Interval (CI) 
0.12-0.81, right PFC 0.49 µmol/L, 95% CI 0.14-0.84) and reciting digit spans (left PFC 0.36 
µmol/L, 95% CI 0.03 - 0.70, right PFC 0.44 µmol/L, 95% CI 0.09 - 0.78) when compared to 
rest. HHb concentrations did not differ between the walking tasks and rest. 
 These findings suggest that a new wireless fNIRS device is a feasible measure of PFC 
activity in PD during dual task walking. Future studies should reduce the level of noise and 
inter-individual variability to enable measuring differences in PFC activity between different 
dual walking conditions and across health states.
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Background
Many patients with Parkinson’s Disease (PD) have difficulties to perform a second task 
while walking (i.e., dual task walking), such as walking and talking or walking while paying 
attention to passing traffic (Kelly, Eusterbrock, & Shumway-Cook, 2012). As a consequence 
of performing two tasks at the same time, gait and/or their performance on the secondary 
task at hand deteriorates (Stegemoller et al., 2014; Wild et al., 2013; Yogev et al., 2005). 
These difficulties in dual task walking often lead to increased disability, increased fall risk 
and reduced quality of life (Kelly et al., 2012; Plotnik, Giladi, Dagan, & Hausdorff, 2011; 
Yogev-Seligmann, Hausdorff, & Giladi, 2008).
 Mechanisms underlying difficulties in dual task walking are largely unclear. 
However, the prefrontal cortex (PFC), which is involved in human balance and locomotion 
(Nutt, Horak, & Bloem, 2011), likely plays an important role. Although cognitive functions 
depending on the PFC are often affected in PD (Hausdorff et al., 2006; Kudlicka, Clare, 
& Hindle, 2011; Williams-Gray et al., 2009), patients may rely more on the PFC due to 
reduced movement automaticity of dysfunctional basal ganglia circuits (Amboni, Barone, & 
Hausdorff, 2013; Bohnen & Jahn, 2013; Kelly et al., 2012; Maidan et al., 2016). Therefore, 
altered functioning of the PFC during dual task walking in PD might explain their difficulties 
and should therefore be further examined.
 Functional near infrared spectroscopy (fNIRS) is a promising method for measuring 
PFC activity during dual task walking (Cutini & Brigadoi, 2014; Ferrari & Quaresima, 2012; 
Obrig, 2014). With fNIRS, relative concentrations of oxygenated (O2Hb) and deoxygenated 
(HHb) hemoglobin can be measured (Perrey, 2014; Scholkmann et al., 2014). In typical neural 
activity as measured with fNIRS, increases in O2Hb and stable or slight decreases in HHb are 
present (Cutini & Brigadoi, 2014; Ferrari & Quaresima, 2012; Leff et al., 2011; Scholkmann et 
al., 2014). The use of fNIRS offers several advantages over other neuroimaging techniques. 
Compared to functional magnetic resonance imaging (fMRI), which has a higher spatial 
resolution and can reach subcortical areas, fNIRS is light-weight, easy to use, low cost and 
can be portable (Bohnen & Jahn, 2013; Cutini & Brigadoi, 2014; Scholkmann et al., 2014). 
Compared to electroencephalography (EEG), which can also be used during actual walking 
(Handojoseno et al., 2015), fNIRS can provide higher spatial resolution, is easier to use and 
more robust to head-movement (Cutini & Brigadoi, 2014; Perrey, 2008; Scholkmann et al., 
2014). These advantages make fNIRS particularly attractive to be used for measurement 
during actual walking (Bohnen & Jahn, 2013). 
 In healthy young and elderly persons, fNIRS was used to detect increased PFC 
activity during walking while talking (Holtzer et al., 2011; Holtzer et al., 2015), while counting 
(Mirelman et al., 2014), and while serially subtracting (Lu, Liu, Yang, Wu, & Wang, 2015; 
Meester, Al-Yahya, Dawes, Martin-Fagg, & Pinon, 2014; Mirelman et al., 2014). Compared to 
these populations, PD patients generally are physically less fit. This might limit their ability 
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to perform multiple task repetitions, which are needed for reliable fNIRS measurements. 
In addition, PD patients often show altered movement patterns such as restricted gait, 
dyskinesia or bradykinesia. This might influence head position and head movement during 
walking and thereby further restrict the feasibility of using fNIRS to measure PFC activity 
during dual task walking. 
 Therefore, the primary aim of this pilot study was to examine the feasibility of 
measuring bilateral PFC activity in patients with PD during different dual task walking 
conditions using two lightweight, wireless fNIRS devices (Portalite fNIRS system). This was 
done in the context of the V-TIME project (Mirelman et al., 2016; Mirelman et al., 2013) in 
which we applied fNIRS to study the role of the PFC in complex walking in PD patients. The 
first results of this project, which were recently published (Maidan et al., 2016), focus on 
potential mechanisms underlying dual task difficulties in PD. Although outside the scope of 
this recently published work, details of pilot work concerning methodology and feasibility of 
using fNIRS in PD are crucial for the development of new studies to further disentangle the 
neural mechanisms underlying dual tasking in PD. 
 As a start for the development of appropriate protocols for such studies, this 
feasibility study incorporated several specific goals. First, we assessed feasibility by testing 
whether PD patients were able to perform several repetitions of dual task walking while 
wearing the devices and by registering their experience and perceived exertion. Second, 
we aimed to investigate whether we were able to record the expected typical fNIRS signal 
of neuronal activity in the PFC (the neuronal hemodynamic response (Scholkmann et al., 
2014)) as a consequence of dual task walking when compared to rest. We tested this at a 
group level, and at individual level, to explore potential inter-individual variability. Finally, we 
explored the sensitivity of our method to detect differences in O2Hb and HHb concentrations 
between dual task walking and rest, and between dual tasks.
Material and methods
Participants
We recruited PD patients (N=14) from the outpatient clinic of the Neurology Department of 
the Radboud University Medical Center in the Netherlands. This number of 14 participant 
was based on similar studies in other populations, in which 6 (Atsumori et al., 2010), 11 
(Holtzer et al., 2011) and 17 (Meester et al., 2014) participants were sufficient to measure PFC 
activity during walking tasks. Inclusion criteria were (1) age 60-85 years (2) clinical diagnosis 
of idiopathic Parkinson’s Disease, according to the UK Brain Bank criteria, (3) Hoehn and 
Yahr stage II to III (while on medication), (4) an increased risk of falling as indicated by the 
treating physician, or reflected by actual falling incidents within 6 months prior to the study, 
and (5) able to walk at least 5 minutes without help (walking aids were allowed). Exclusion 
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criteria were (1) psychiatric co-morbidities, (2) neurologic co-morbidities in medical 
history, (3) co-morbidity of the motor system which restricts gait, (4) clinical diagnosis of 
dementia, (5) unable to comply with the test protocol, and (6) severe freezing precluding 
safe participation. 
Baseline characteristics
General demographic characteristics were assessed by questionnaires. Education level was 
assessed based on the Dutch education system (Verhage, 1964) using seven categories (1 = 
less than primary school, 7 = university degree). The Longitudinal Aging Study Amsterdam 
Physical Activity Questionnaire (LAPAQ) (Stel et al., 2004) was completed to obtain physical 
activity levels of the participants in the two weeks before assessment; the Mini-Mental State 
Examination (MMSE) to assess global cognitive functioning (Folstein, Folstein, & McHugh, 
1975); the Fall Efficacy Scale International (FES-I) (Yardley et al., 2005) to assess fear of falling. 
Fall rate, disease duration and medication use were assessed by medical history taking of 
the subjects and proxies, with a fall being defined as “an unexpected event in which the 
participant comes to rest on the ground, floor or lower level”, which is consistent with the 
recommendations of the Prevention of Falls Network Europe (ProFaNE).
Protocol/Procedure
Participants were instructed to walk back and forth over a course of approximately 8m which 
was marked by a cone at each end, and to make wide turns around the cones. During all 
walking tasks, participants walked at their preferred pace in a quiet room with comfortable 
footwear. Participants were allowed to use a customary cane, but walkers were not allowed 
during assessments. Medication was used as normal and thus, all tests were performed in 
the on-medication state. 
 For dual task walking, three different types of tasks were used: walking while (1) 
counting forward, (2) serially subtracting and (3) reciting digit spans. These tasks were 
chosen because it can reasonably be assumed that PFC activity is present during these 
tasks in PD (Brown, de Bruin, Doan, Suchowersky, & Hu, 2009; Hausdorff, Balash, & Giladi, 
2003; Panyakaew & Bhidayasiri, 2013; Plotnik et al., 2011; Plotnik, Giladi, & Hausdorff, 
2009; Stegemoller et al., 2014; Wild et al., 2013; Yogev et al., 2005; Yogev, Plotnik, Peretz, 
Giladi, & Hausdorff, 2007). In previous studies, dual task effects were seen on behavioral 
outcome measures in PD during both walking while serially subtracting (Brown et al., 2009; 
Hausdorff et al., 2003; Panyakaew & Bhidayasiri, 2013; Plotnik et al., 2011; Plotnik et al., 
2009; Stegemoller et al., 2014; Wild et al., 2013; Yogev et al., 2005; Yogev et al., 2007) 
and while reciting digit spans (Rochester, Galna, Lord, & Burn, 2014). In addition to these 
behavioral findings, fNIRS was successfully used in other populations to show increased PFC 
activity during walking while counting forward (Mirelman et al., 2014) and while serially 
subtracting (Lu et al., 2015; Meester et al., 2014; Mirelman et al., 2014).
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During walking while counting forward, participants were asked to count forward at their own 
pace, starting from one. For serial subtraction, participants were instructed to continuously 
count backward alternating in steps of three or seven, starting from a number between 91 
and 100. When a participant started with serial seven subtractions, we switched to serial 
three subtractions at the start of the next trial, or when zero was reached. The digit span 
consisted of repeating series of digits which the assessor said out loud. The number of digits 
to be repeated was based on the forward digit span of the Wechsler Adult Intelligence Scale 
(WAIS-III) (Wechsler, 1997). Before starting any task, participants sat in a chair and repeated 
digit spans of increasing length. If subjects were unable to correctly repeat two out of three 
spans of the same length, the number of digits to be repeated during walking while reciting 
digit spans was one less than this length. If participants were unable to correctly repeat a 
span of this length during walking and stopped performing the digit span completely, the 
span length was reduced until participants did engage in the digit span during walking. This 
protocol was used to adjust the difficulty of reciting digit spans to each participant’s ability, 
thereby adjusting for baseline differences (Rochester et al., 2014).
 Each of the walking tasks was performed five times distributed over five blocks, 
with each block consisting of three different trials (one of every task). The order of these 
three trials within a block was randomized. Every trial started with 20s of standing still, 
followed by 40s of task performance and another 20s of standing still. During the two 20s 
rest periods, participants were instructed to stand as quietly as possible, keep their heads 
still, look straight ahead and think of nothing in particular. After 20s of standing still, the 
assessor would say “start” for walking while counting, “start with [first number] minus 
[three or seven]” for walking while serially subtracting and “start with [first digit span]” for 
walking while reciting digit spans. After this start sign, participants were instructed to start 
walking and simultaneously perform the cognitive task. After 40s of task performance, the 
assessor said “stop”, after which the participant had to remain standing quietly where he or 
she ended for 20s.
 In between trials, participants walked back toward the start position and a rest 
period of random duration (1 -2 minutes) was given in which instructions for the next trial 
were given. In between blocks, participants were allowed to sit down and rest until they 
were ready to continue. Before starting any trial, it was made sure the participant was 
standing for at least one minute to minimize blood pressure fluctuations after standing up.
Feasibility assessment 
To judge the feasibility of the protocol, participants were asked to complete the Borg Rating 
of perceived exertion scale (RPE) (Borg, 1982), ranging from 6 (very light effort) to 20 (very 
very hard) after each block. After completion of the protocol, participants were asked to 
complete a questionnaire about their experience. This questionnaire included: “Did the 
fNIRS system (Portalites) burden you while walking?” (5 point Likert scale: 1 = “No, not at 
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all”, and 5 = “Yes, a lot”), and “Was it doable to complete the protocol?” (5 point Likert scale: 
1 = “Yes, very easily doable”, and 5 = “No, undoable”).
fNIRS system
In order to test whether we were able to measure the typical fNIRS signal of neuronal 
activity, we measured concentrations changes in O2Hb and HHb in the PFC with the 
PortaLite™ fNIRS system (Artinis Medical Systems, Elst, the Netherlands). Like other fNIRS 
systems, this system uses near infrared light which penetrates the skull and brain, but 
absorbed by Hb chromophores in the cortical layer microcirculation. Light was transmitted 
with two wavelengths, 760nm and 850nm, and data was sampled with a frequency of 10Hz. 
The PortaLite™ uses wireless technology (Bluetooth), allowing participants to walk without 
restriction of wires. Two devices were placed on the forehead of the participants, one on 
the right and the other on the left side. Both devices were positioned at a height of 15% of 
the nasion-inion distance from nasion, and we placed the middle of the device at 7% of the 
head circumference to the left and right from midline, to avoid measuring the midline sinus. 
These locations roughly target left and right Brodmann’s areas 9 and 10, which represent 
the dorsolateral and anterior PFC (Maidan et al., 2015; Okamoto et al., 2004). The devices 
were shielded from ambient light by covering the whole forehead with a black cloth. Oxysoft 
version 3.0.52 (Artinis Medical Systems, Elst, The Netherlands) was used for data collection.
 Based on different Hb absorption spectra, concentration changes of O2Hb and HHb 
in the targeted PFC area were calculated from the changes in detected light intensity. This 
was done using the modified Lambert-Beer law, assuming constant light scattering (Sakatani 
et al., 2006). A PortaLite™ has three transmitters and one receiver, with transmitter-receiver 
distances of 30, 35 and 40 mm. The differential path length factor (DPF), which accounts for 
the increased distance travelled by light due to scattering, was set to 6 for all participants. 
This is in line with previous studies in adults (Duncan et al., 1996). Although the DPF is age-
dependent (Duncan et al., 1996), no data is available on the actual DPF variation in adults 
older than 50. With the fixed DPF we chose, the assessment of relative changes in O2Hb and 
HHb within and between tasks will not be affected.
fNIRS analysis
Measured concentrations of O2Hb and HHb from each of the Portalite devices were exported 
to MATLAB (MATLAB and Statistics Toolbox Release 2012b, The MathWorks, Inc., Natick, 
Massachusetts, United States), in which further data processing was done. First, O2Hb and 
HHb signals of the three channels (the three transmitter – receiver distances) per PortaLite 
were averaged. Then, the moving standard deviation based artifact removal (movement 
artifact reduction algorithm - MARA) method was performed within each trial (Scholkmann, 
Spichtig, Muehlemann, & Wolf, 2010). The threshold for artifact detection was set to 0.45 
for O2Hb and 0.18 for HHb, with a window length for moving standard deviation calculation 
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at 0.5s, and a window length for artifact correction (LOESS smoothing window) on 1s. These 
parameters were chosen after testing several settings and visual inspection of the data by JC 
and FN on adequate removal of large (movement) artifacts while not affecting physiological 
fluctuations. Next, the fNIRS signals were linearly detrended per trial and low-pass filtered 
at 0.1 Hz using a Butterworth filter to remove heart rate and other higher frequency 
physiological signals. To enable direct comparison of the five different trials within each task, 
the filtered signals were biased, using the average concentration of the 5s before the “Start” 
instruction as reference (zero). Then, individual trials were averaged per task to create three 
mean time course signals per person, which were then averaged over all participants (see 
Figure 1). Finally, the mean concentrations (O2Hb and HHb) during the final 5s of all 20s rest 
periods were calculated over all trials for all participants and mean concentrations (O2Hb 
and HHb) of the 40s after the “Start” instruction were calculated for each trial and then 
averaged for each of the three walking tasks.
Gait performance analysis
To be able to judge whether our protocol was able to detect behavioral dual task effects and 
to interpret the level of PFC activity in relation to behavioral performance, gait parameters 
and performance on the cognitive tasks were measured.
 Walking performance parameters were measured on a GAITRite® mat (CIR Systems 
Inc. Clifton, NJ 07012, United States), over which the participants walked while walking forth 
over the 8m course. The GAITRite® mat is an electronic roll-up walkway with pressure sensors 
embedded in a carpet. The carpet is 5.18m long and 0.90m wide, the active area is 4.27m long 
and 0.61m wide. The mat is connected to a personal computer using GAITRite software version 
4.0 (CIR Systems Inc. Clifton, NJ 07012, United States) for processing and storing the data. 
This system has been shown to be reliable and accurate for measuring walking parameters 
in older adults and in people with PD (Bilney, Morris, & Webster, 2003; Chien et al., 2006; 
Menz, Latt, Tiedemann, Mun San Kwan, & Lord, 2004). For investigating gait under dual task 
conditions in PD it has been used as reference (Lord, Rochester, Baker, & Nieuwboer, 2008). 
Automatic identification of footsteps was checked step by step for each trial and manually 
corrected where necessary. Walking performance parameters included gait speed, cadence, 
stride length, stride time and the coefficient of variability (CV) of both stride length and stride 
time calculated as (standard deviation/mean)*100. Gait performance outcome measures 
were determined for individual trials first (with an average of 13.1 ± 2.9 footsteps) and then 
averaged over all trials within the three tasks for further analysis.
Cognitive performance analysis
Cognitive performance measures included the number of subtractions and digit spans 
completed within the 40 seconds of task performance and the percentage of correct 
answers on both tasks. Outcome measures on gait and the cognitive tasks were determined 
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for individual trials first and then averaged over all trials within the three tasks for further 
analysis.
Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics Version 21. To estimate the 
level of activity and noise, we calculated group means and 95% confidence intervals (CI) for 
both O2Hb and HHb concentrations. Likewise, means and 95% confidence intervals were 
calculated for the behavioral performance measures.
 To explore differences between tasks in O2Hb and HHb concentrations and 
behavioral performance measures, we calculated Cohen’s d
z 
effect sizes based on mean 
difference scores (Faul, Erdfelder, Lang, & Buchner, 2007). Effect sizes of 0.2, 0.5 and 0.8 
were interpreted as small, medium and large respectively (Cohen). Differences between 
dual walking tasks were tested for significance with the Wilcoxon signed-rank test, with 
p<.05 as threshold for statistical significance. 
Results
Participants
After screening, 14 patients were found eligible and were included in the study. One of 
these patients was unable to safely perform the tests and another patient came in tired 
and stopped after two blocks because of fatigue. These two participants (both male; 78 
and 76 years old; 8 and 11 years since PD diagnosis; Hoehn & Yahr stage 2 and 2.5; 6 and 0 
falls in the previous six months) were excluded from further analysis. Characteristics of the 
remaining 12 participants are shown in table 1. For these participants, a total of 155 out of 
180 intended trials were included in analyses. Reasons for dropped trials were inconsistent 
use of walking aid, or inconsistent length of digit spans to be recited. No trials were dropped 
because of noisy fNIRS signals due to movement artifacts. For all participants, at least three 
trials per task were included in the analyses. Only one participant used a cane during the 
trials that were included in analyses.
Feasibility analysis
Two of the initial 14 participants were unable to complete the whole protocol (see 
above). The 12 participants included in the study reported it was doable to complete the 
full protocol (median Likert-scale score 1, range 1 (very easily doable) to 3 (neutral)). On 
average, the participants scored 10.6 ± 1.6 on the Borg-RPE, corresponding to fairly light 
effort. Concerning the two Portalite devices placed on their forehead, participants reported 
these did not burden them during walking (median Likert-scale score 1, range 1 (no burden 
at all) to 2 (no burden)).
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Table 1. Characteristics of participants (N=12)
Age (years) 70.1 ± 5.4
Gender (men) 7
Years since diagnosis PD 5.7 ± 3.3
Hoehn & Yahr stage (2/2.5/3) 4/5/3
Walking aid in daily life (yes/no) 3/9
Number of falls in previous 6 months (0/1/2/7) 5/2/4/1
Education (possible range 1-7)1 5.7 ± 1.3
MMSE (possible range 0-30)2 27.4 ± 2.0
LAPAQ (kcals/day) 630.3 ± 712.1
FES-I (possible range 16-64)3 29.3 ± 8.2
Number of different medications used 5.3 ± 2.7
Values are mean ± standard deviation or frequency. 1According to Verhage and colleagues (Verhage, 
1964).2Higher scores indicating better global cognitive functioning. 3Higher scores indicating more fear of falling. 
PD = Parkinson’s Disease, MMSE = Mini Mental State Examination, LAPAQ = Longitudinal Aging Study Amsterdam 
Physical Activity Questionnaire, FES-I = Fall Efficacy Scale International.
Prefrontal cortical activity (group level)
Figure 1 shows the group averaged time course of O2Hb and HHb concentrations in bilateral 
PFC during the three dual walking tasks. In all tasks, the average O2Hb concentrations 
increased from resting conditions after starting the task and decreased again during rest 
after task performance. HHb concentrations remained relatively stable or showed slight 
reductions during task performance when compared to rest. Thus, in all three dual walking 
tasks bilateral PFC activity patterns were found on a group level.
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Figure 1 – fNIRS signal ti me courses for each task
Average ti me courses of oxygenated hemoglobin (O
2
Hb: dark, solid lines) and deoxygenated hemoglobin (HHb: 
lighter, dott ed lines) of all subjects (N=12) for left  and right prefrontal corti ces, mean ± sem. Verti cal black lines 
indicate start and end of task performance. PFC = prefrontal cortex.
Mean O2Hb and HHb concentrati ons in left  and right PFC during the three dual walking tasks are 
shown in table 2 (also see supplementary fi gure 1). During walking while serially subtracti ng 
and walking while reciti ng digit spans, mean O2Hb concentrati ons in left  and right PFC were 
signifi cantly higher than during rest (lower limit 95% CI > 0). Mean HHb concentrati ons were 
similar between walking tasks and rest (95% CI includes 0). No signifi cant diff erences between 
tasks were seen in mean O2Hb or HHb concentrati ons in left  or right PFC. Eff ect sizes of the 
concentrati on diff erences between dual walking tasks were small (table 3). 
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Table 2. Concentrations of O2Hb and HHb and gait performance measures during all three walking tasks.
Walking while counting Walking while serially 
subtracting
Walking while reciting 
digit spans
fNIRS
O2Hb left (µmol/L) 0.32 (-0.18 - 0.82) 0.49 (0.14 - 0.84) 0.44 (0.09 - 0.78)
O2Hb right (µmol/L) 0.31 (-0.12 - 0.75) 0.46 (0.12 - 0.81) 0.36 (0.03 - 0.70)
HHb left (µmol/L) 0.03 (-0.28 - 0.33) 0.01 (-0.15 - 0.17) -0.03 (-0.16 - 0.10)
HHb right (µmol/L) 0.00 (-0.28 - 0.28) -0.02 (-0.25 - 0.21) -0.10 (-0.24 - 0.05)
Gait performance
Gait speed (cm/s) 83.7 (73.7 - 93.7) 82.3 (71.8 - 92.9) 79.9 (68.2 - 91.6)
Cadence (steps/min) 94.6 (86.2 - 103) 93.2 (84.6 - 101.9) 94.0 (84.0 - 104.0)
Stride length (cm) 106.3 (97.7 - 114.9) 106 (96.6 - 115.4) 101.2 (91.5 - 111.0)**
Stride length variability (%) 4.2 (3.2 - 5.2) 4.5 (2.9 - 6.2) 5.4 (4.4 - 6.5)*
Stride time (s) 1.3 (1.2 - 1.4) 1.3 (1.2 - 1.4) 1.3 (1.2 - 1.5)
Stride time variability (%) 4.2 (2.4 - 5.9) 4.0 (2.9 - 5.2) 3.6 (2.7 - 4.6)
Values are mean (95% confidence intervals)
** P<.05 compared to both walking while talking and serially subtracting 
* P<.05 compared to walking while counting
Table 3. Effect sizes (Cohen’s d
z
) between the walking tasks for both concentrations of O2Hb and HHb and gait 
performance.
Walking while 
erially subtracting > 
counting
Walking while  
reciting digit spans > 
counting
Walking while 
serially subtracting > 
reciting digit spans
fNIRS
O2Hb left .29 .08 .36
O2Hb right .31 .20 .27
HHb left -.13 -.36 .43
HHb right -.07 -.18 .42
Gait performance
Gait speed (m/s) -.22 -.72 .40
Cadence (steps/min) -.33 -.15 -.23
Stride length (m) -.09 -.93 .73
Stride length variability (%) .11 1.04 -.32
Stride time (s) .30 .16 .18
Stride time variability (%) -.05 -.20 .24
Effect sizes larger than 0.5 (medium effect) printed in bold. 
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Prefrontal cortical activity (individual level)
The O2Hb and HHb signals were stable over the 5 trials within participants (see supplementary 
figures 3-7), which indicates that the wireless fNIRS system reliably measures PFC activity 
within subjects. However, we found large variability between participants (see standard 
errors in figure 1 and confidence intervals in table 2). Therefore, we explored differences in 
individual fNIRS signal patterns and were able to identify five subgroups of participants based 
on signal patterns. The authors FN and JC both independently inspected the figures of each 
subject (individual trials and average), which resulted in two identical group distributions. 
Five participants had signals as hypothesized (classic task related hemodynamic response 
signal); an increase in O2Hb and slight decrease or stable HHb during task performance 
(see supplementary figure 3). One participant showed increased O2Hb with stable HHb, but 
only at the start of task performance (supplementary figure 4). Three participants were 
identified as non-responders, where both O2Hb and HHb remained relatively stable during 
task performance and for all task repetitions (supplementary figure 5). Two participants 
showed an inverse response during walking while counting; O2Hb decreased, while HHb 
remained relatively stable or decreased slightly (supplementary figure 6). During walking 
while serially subtracting and walking while reciting digit spans, these two participants 
showed no inverse response but slight increases in or stable O2Hb concentrations. Finally, 
one participant showed a highly unexpected response, with an initial increase in O2Hb and 
increase in HHb in the second half of task performance (supplementary figure 7). These 
subgroups could not be identified based on participant characteristics or task performance 
data, in which no obvious differences between subgroups were present.
Behavioral performance
Gait performance during the dual walking tasks is shown in table 2 (also see supplementary 
figure 2). For gait speed, cadence, stride time, and stride time variability no significant 
differences in gait performance between any of the dual walking tasks were found. During 
walking while reciting digit spans, participants showed significantly lower their stride length 
when compared to walking while counting (z = -2.7, P =.006) and serially subtracting (z 
= -2.1, P = .034), and increased stride length variability when compared to walking while 
counting (z = -2.6, P = .010). In addition to these significant differences, for which effect sizes 
were medium to large (table 3), a medium effect size (Cohen’s dz = 0.72) was found for gait 
speed during walking while counting versus reciting digit spans. All other effect sizes were 
small (table 3). 
 During walking while serially subtracting, participants gave an average of 25.3 (95% 
CI 19.7 – 30.8) answers, of which on average 98.4 percent (95% CI 97.5 – 99.3) was correct. 
The mean length of digit spans to be repeated during walking while reciting digit spans was 
4.9 digits (95% CI 4.0 – 5.8). Two participants were unable to perform the predetermined 
length of digit spans during walking, for them the number of digits was reduced until they 
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were able to perform (from 6 to 5 and from 7 to 4 digits). During walking while reciting digit 
spans, participants recited an average of 6.0 (95% CI 5.2 – 6.8) spans, with a mean success 
rate of 88.4 percent (95% CI 79.6 – 97.3).
Discussion
In this pilot study, we aimed to examine the feasibility of measuring prefrontal cortical 
(PFC) activity during dual task walking in patients with Parkinson’s Disease (PD) with use 
of a portable functional near infrared spectroscopy (fNIRS) device. Good feasibility of the 
portable fNIRS device was demonstrated by the fact that most participants experienced 
a low burden of the two fNIRS devices placed on the forehead during walking, were able 
to perform the different dual task walking paradigms and reported that it took them little 
effort to complete the full protocol. Importantly, when averaged over all participants, 
fNIRS showed typical cortical activity patterns of increased oxygenated (O2Hb) and stable 
deoxygenated hemoglobin (HHb) concentrations during the three dual walking tasks when 
compared to rest. This further supports feasibility of using portable fNIRS to measure PFC 
activity during dual task walking in PD. 
 These findings are in line with previous studies in which fNIRS was successfully used 
to measure PFC activity during dual task walking in healthy young (Lu et al., 2015; Meester 
et al., 2014; Mirelman et al., 2014) and older adults (Holtzer et al., 2011; Holtzer et al., 
2015; Holtzer et al., 2016). In contrast to these studies, that found differences in PFC activity 
levels between walking tasks, effect sizes in our study were small. Although we were able 
to measure PFC activity during dual task walking, future protocols need to be improved to 
enable detection of differences between tasks. This can possibly be done by either reducing 
variability in concentration measures (i.e. reducing noise), especially between participants, 
or choosing different tasks. Below, we will elaborate on these issues and propose protocol 
improvements for future work. 
 Large variability occurred mainly between participants, while time courses of 
O2Hb and HHb were highly stable within participants. The first potential cause of such 
inter-individual differences is the fNIRS optode placement on the forehead. Although the 
placement procedure was identical for all participants, it was based on relative distances 
from external landmarks (nasion and inion). It is possible that this method resulted in the 
targeting of slightly different brain areas due to morphological differences between subjects 
(Haeussinger et al., 2011; Leff et al., 2011). To avoid targeting different brain areas, it could 
be beneficial to relocate the devices until task related cortical activity is seen before starting 
measurements. The window in which to move the devices should however be limited, so 
that after relocation still the region of interest is likely targeted. Also, the typically expected 
response of the targeted brain area should be very well known and distinct from directly 
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surrounding brain areas (Leff et al., 2011). Another solution could be to use portable 
multichannel fNIRS systems. When available, such a system could cover the whole PFC, 
ensuring the target area is within the field of view (Atsumori et al., 2009; Piper et al., 2014). 
Another option is to use structural magnetic resonance imaging or transcranial magnetic 
stimulation before placing fNIRS probes to enable more precise placement over a target 
area, although these are costly and laborious solutions (Leff et al., 2011). A second cause of 
individual differences can be systemic task responses (see also our discussion on the study 
limitations) such as changes in blood pressure or heart rate (Heinzel et al., 2013). Adding 
continuous blood pressure and heart rate monitoring can help to determine the role of 
systemic responses in individual differences.
 Future studies should try to limit individual differences by optimizing protocols 
as suggested above. When still present, causes of individual differences should be further 
investigated and taken into account when determining sample sizes and when interpreting 
group averaged data. Only in the case of obvious measurement errors, should a participant 
who shows non-hypothesized fNIRS signals, be excluded from analyses. For example, when 
it can reasonably be assumed that the wrong cortical area was targeted, when the data 
contains too much noise due to movement artifacts, or when systemic changes in blood 
pressure and subsequent changes in cerebral perfusion affect the hemodynamic response 
to activity, there are objective arguments to exclude a subject.
 Apart from inter-individual differences, the choice of walking tasks is an important 
topic for improvement of future studies. First, although simple counting during walking 
offers a controlled condition and prevents that participants’ thoughts start to wander 
(‘daydreaming’), it might be a rather difficult dual task itself. Accordingly, in healthy young 
participants walking while counting led to increased PFC activity when compared to usual 
walking (Mirelman et al., 2014). The dual tasks we used might thus not have differed much 
in terms of difficulty, which would explain the lack of differences in PFC activity levels 
between tasks. This is further supported by the similar gait performance we saw between 
walking while counting and serially subtracting. And, although we did not measure it as a 
single task, good performances on both serially subtracting and reciting digit spans while 
walking suggest these tasks might not have been much more difficult than walking while 
counting. Future studies should use tasks that differ more in terms of difficulty, such as 
usual walking without any secondary task. With usual walking as a reference task, previous 
studies found relatively increased PFC activity during dual tasks like walking while talking 
(Holtzer et al., 2011; Holtzer et al., 2015), serially subtracting (Lu et al., 2015; Meester et al., 
2014; Mirelman et al., 2014) and balancing a ping pong ball on a card (Atsumori et al., 2010). 
A second consideration regarding the choice of task is the use of walking while reciting 
digit spans. Effect sizes of the difference with walking while counting for gait speed, stride 
length and stride length variability were moderate to large. However, defining the number 
of digits to be recited was not straightforward as reflected by the two participants who were 
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unable to perform the predefined length while walking. Also, citing the numbers seemed 
to provide participants with an external rhythm on which they paced their walking. Finally, 
walking while serially subtracting showed larger differences (effect sizes) with walking while 
counting for O2Hb concentration change. Using walking while reciting digit spans in future 
fNIRS dual task work is thus not recommended. 
 A limitation of the present study was the small sample size. Although the sample 
size was sufficient to fulfill our primary aims regarding feasibility, it might have been too low 
to find differences between dual walking tasks. Based on the variability and mean difference 
in O2Hb concentration between walking while counting and walking while serially subtracting 
in the present study, 85 participants would be needed to find significant differences in O2Hb 
concentrations between these tasks (power = 0.80, alpha = 0.05, two tailed testing). However, 
improving protocols as suggested, to reduce variability and increase contrasts between tasks, 
will reduce this required sample size. Indeed, our recently published work shows that groups of 
68 PD patients and 38 healthy controls were sufficient to find O2Hb concentration differences 
between complex walking tasks within groups (Maidan et al., 2016). 
 Also, we cannot generalize findings to the broader PD population. Although all 
participants were identified with an increased risk of falling, they were able to walk at least 
five minutes unassisted, their cognitive functioning was relatively well and all were in mild 
to moderate stages of PD. Two patients who had passed screening for in- and exclusion- 
criteria were unable to complete the protocol. Although no large differences were present, 
these two participants were slightly older and had a longer history of PD than the mean of 
those participants who were able to complete the protocol. This raises doubt whether the 
protocol is feasible for more frail and severely affected PD patients, which is a subject for 
future research. 
 Other limitations concern our use of fNIRS. We did not control for superficial (e.g., 
skin) hemodynamics (Gagnon et al., 2012; Kirilina et al., 2012), for example by using a short 
reference channel (Gagnon et al., 2012). Thus, we cannot rule out the influence of blood 
flow through skin or the occipitofrontalis muscle, which might have increased during task 
performance (Takahashi et al., 2011). However, in frontal brain areas high correlations were 
found between fNIRS signals and fMRI signals from the cortical grey matter layer while 
performing several cognitive tasks (Cui, Bray, Bryant, Glover, & Reiss, 2011; Sato et al., 2013). 
These correlations were higher than correlations between fNIRS signals and soft tissue fMRI 
signals (Sato et al., 2013). Although our fNIRS signals are likely affected by skin blood flow, 
we can still assume based on these data that they do reflect cortical neuronal activity. A 
further limitation is that only PFC activity levels were measured. We did not measure any 
other cortical areas to ensure specificity of signals to PFC instead of whole brain effects. The 
use of a multiple channel fNIRS system would allow for measurements of multiple cortical 
areas and thereby to differentiate between region specific and global effects, however, 
the increase in weight of such a system may reduce the feasibility. Besides cognitive tasks, 
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postural changes and walking exercise may all lead to changes in blood pressure which in 
turn can affect global cerebral blood flow (Scholkmann et al., 2014). For this reason it is 
advisable to measure blood pressure simultaneously with fNIRS.
Conclusions
In this study, we showed that using two small, lightweight, portable fNIRS devices placed 
on the forehead is feasible to measure PFC activity during dual task walking in PD patients. 
We provided recommendations for improvements of protocols to increase the sensitivity to 
detect differences in PFC activity and behavioral performance between dual walking tasks, 
and potentially between populations (PD patients vs. healthy age-matched controls) and/or 
changes over time (neurorehabilitation training effects). With improved protocols, portable 
fNIRS seems to be a very promising tool to further study the role of the PFC in mechanisms 
underlying difficulties in dual task walking in PD. 
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Supplementary fi gures
 
Supplementary fi gure 1. 
Mean concentrati ons of O2Hb (red) and HHb (blue) relati ve to rest (μmol/L) in left  and right prefrontal corti ces 
during walk & count, walk & serially subtract and walk & digit span, mean ± sem.
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Supplementary figure 2 
Gait performance measures during walk & count, walk & serially subtract and walk & digit span, mean ± sem.
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Supplementary figure 3 
Average (thick line) and individual trial (thin lines) time courses of oxygenated hemoglobin (O2Hb, red) and 
deoxygenated hemoglobin (HHb, blue) of a representative participant showing a timecourse as hypothesized. 
Vertical black lines indicate start and end of task performance. PFC = prefrontal cortex Chapter 4: The Role of the 
Frontal Lobe in Complex Walking Among Patients With Parkinson's Disease and Healthy Older Adults: An fNIRS 
Study 
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Supplementary figure 4  
Average (thick line) and individual trial (thin lines) time courses of oxygenated hemoglobin (O2Hb, red) and 
deoxygenated hemoglobin (HHb, blue) of the participant showing an initial activation pattern. Vertical black lines 
indicate start and end of task performance. PFC = prefrontal cortex 
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Supplementary figure 5
Average (thick line) and individual trial (thin lines) time courses of oxygenated hemoglobin (O2Hb, red) and 
deoxygenated hemoglobin (HHb, blue) of a representative non-responder. Vertical black lines indicate start and end 
of task performance. PFC = prefrontal cortex 
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Supplementary figure 6
Average (thick line) and individual trial (thin lines) time courses of oxygenated hemoglobin (O2Hb, red) and 
deoxygenated hemoglobin (HHb, blue) of a representative participant showing reduced activation during walking 
while counting. Vertical black lines indicate start and end of task performance. PFC = prefrontal cortex 
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Supplementary figure 7
Average (thick line) and individual trial (thin lines) time courses of oxygenated hemoglobin (O2Hb, red) and 
deoxygenated hemoglobin (HHb, blue) of the participant showing an unexpected pattern. Vertical black lines 
indicate start and end of task performance. PFC = prefrontal cortex 
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Abstract
Background: Gait is influenced by higher order cognitive and cortical control mechanisms. 
Functional near infrared spectroscopy (fNIRS) has been used to examine frontal activation 
during walking in healthy older adults, reporting increased oxygenated hemoglobin (O2Hb) 
levels during dual task walking (DT), compared to usual walking. 
Objective: to investigate the role of the frontal lobe during DT and obstacle negotiation, in 
healthy older adults and patients with Parkinson’s disease (PD). 
Methods: 38 healthy older adults (mean age 70.4±0.9 yrs) and 68 patients with PD (mean 
age 71.7±1.1 yrs,) performed three walking tasks: 1) usual walking; 2) DT walking; and 3) 
obstacles negotiation, with fNIRS and accelerometers. Linear-mix models were used to 
detect changes between groups and within tasks. 
Results: Patients with PD had higher activation during usual walking (p <0.030). During DT, 
O2Hb increased only in healthy older adults (p<0.001). During obstacle negotiation, O2Hb 
increased in patients with PD (p=0.001) and tended to increase in healthy older adults 
(p=0.053). Higher DT and obstacle cost (p<0.003) and worse cognitive performance were 
observed in patients with PD (p=0.001). 
Conclusions: A different pattern of frontal activation during walking was observed between 
groups. The higher activation during usual walking in patients with PD suggests that the 
prefrontal cortex plays an important role already during simple walking. However, higher 
activation relative to baseline during obstacle negotiation and not during DT in the patients 
with PD demonstrates that prefrontal activation depends on the nature of the task. These 
findings may have important implications for rehabilitation of gait in patients with PD. 
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Introduction
The ability to safely ambulate in everyday environments is compromised in patients with 
Parkinson's disease (PD). This leads to an increased risk of falls, disability, and reduced 
independence. Safe ambulation is affected by the complexity of task and the person's 
abilities (Donovan, Lord, McNaughton, & Weatherall, 2008; Patla & Shumway-Cook, 1999; 
Shumway-Cook et al., 2002). For example, walking in complex environments involves 
avoidance of static and dynamic obstacles. This requires the utilization of motor resources 
and cognitive resources such as divided attention and visual scanning (Galna, Murphy, & 
Morris, 2010; Rochester et al., 2004; Shumway-Cook et al., 2003; Yogev et al., 2005). 
 The ability to walk while carrying out another task, i.e. dual task (DT) walking, relies 
on executive function; a set of cognitive skills that are needed for planning, monitoring and 
executing a sequence of goal-directed complex actions (Royall et al., 2002). DT represents a 
cognitive challenge since it demands the allocation of attentional resources to concomitant 
tasks (Chapman & Hollands, 2007; Hausdorff, Schweiger, Herman, Yogev-Seligmann, & Giladi, 
2008; Holtzer, Wang, & Verghese, 2014). Deficits in executive function have been reported 
in patients with PD (Aarsland, Bronnick, Larsen, Tysnes, & Alves, 2008; Muslimovic, Post, 
Speelman, & Schmand, 2005; Tamura, Kikuchi, Otsuki, Kitagawa, & Tashiro, 2003; Watson 
& Leverenz, 2010) and have been linked to difficulties in walking while dual tasking (Lord, 
Smith, & Menant, 2010; Plotnik, Dagan, Gurevich, Giladi, & Hausdorff, 2010). In patients 
with PD, the negative effects of a DT on gait properties such as gait speed and stride-to-
stride variability and on the cognitive task are larger than that seen in age-matched controls 
(Doi et al., 2013; Snijders et al., 2011; Wai et al., 2012; Wang et al., 2009). 
 Obstacle crossing is a daily activity that involves tasks such as going up a curb or 
stepping over a crack in the ground. Motor planning, attention to relevant stimuli, and visual-
spatial abilities are essential to successfully negotiate obstacles (Galna et al., 2012; Galna et 
al., 2010; Kovacs, 2005). Attention and visual-spatial deficits are common in patients with PD 
and manifest as difficulty to negotiate obstacles and diverse terrains. This may explain why 
patients with PD approach and step over obstacles more slowly and with smaller and wider 
steps than healthy older adults (Shumway-Cook et al., 2002; Stegemöller et al., 2012; Yogev 
et al., 2005).
 The neural control of DT walking and obstacle negotiation is mediated by various 
regions in the brain, among them the frontal lobe. The frontal cortex, and specifically 
the prefrontal cortex and its related circuits, are involved in dual tasking and have been 
implicated in planning, organization, execution, and adjustment to the environment of 
walking (Koechlin, Ody, & Kouneiher, 2003; Ridderinkhof, van den Wildenberg, Segalowitz, 
& Carter, 2004). Recently, several studies used functional near infrared spectroscopy 
(fNIRS) to examine frontal lobe activity during walking and reported increase oxygenated 
hemoglobin (O2Hb) levels during walking while DT, compared to usual walking in healthy 
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young and older adults (Holtzer et al., 2011; Holtzer et al., 2015; Mirelman et al., 2014). 
These findings provide direct evidence that DT walking is associated with frontal activation. 
Although deficits in executive function are common among patients with PD (Aarsland 
et al., 2008; Koerts, Leenders, & Brouwer, 2009; Lewis, Dove, Robbins, Barker, & Owen, 
2003), accumulating evidence suggests that patients utilize the frontal lobe, mainly regions 
associated with cognitive resources, to compensate for striatal impairments (Kucinski, Albin, 
Lustig, & Sarter, 2015; Sarter, Albin, Kucinski, & Lustig, 2014; Vandenbossche et al., 2013).
 To date, however, all studies used DT paradigms that involved the performance of 
a cognitive task during walking. Changes in frontal activation during obstacle negotiating 
have not been examined. In addition, most of the fNIRS studies that investigated DT walking 
included healthy young and older adults. Cognitive compensation in patients with PD (Kucinski 
et al., 2015; Sarter et al., 2014; Vandenbossche et al., 2013) suggest higher activation of the 
frontal lobe during different walking conditions, however, direct association between frontal 
activation and walking in patients with PD are lacking. Therefore, the aims of the present 
study were: (1) to examine changes in frontal activation during obstacle negotiation and DT 
walking, as compared to usual walking in healthy older adults, (2) to investigate changes 
in frontal activation during usual, DT, and obstacle negotiation walking in patients with PD, 
and (3) to define the differences in frontal activation during the walking conditions between 
healthy older adults and patients with PD. We hypothesized that: (1) healthy older adults 
will have higher frontal activation during DT and obstacle negotiation walking, as compared 
to usual walking, (2) patients with PD will show higher frontal activation during DT and 
obstacle negotiation walking, as compared to usual walking, and (3) patients with PD will 
show higher frontal activation in all walking conditions, as compared to healthy older adults. 
Methods
Participants
Thirty-eight healthy older adults (20 men and 18 women) and 68 patients with PD (46 men 
and 22 women) participated in this study. General inclusion criteria were (1) 60-90 years 
old (2) able to walk at least 5 minutes unassisted, and (3) stable medications for the past 
month. Patients with PD were included if they were also: (1) diagnosed with idiopathic PD, 
as defined by the UK Brain Bank criteria, (2) in Hoehn and Yahr stage II-III, and (3) taking anti-
Parkinsonian medication. Participants were excluded if they had: psychiatric co-morbidity 
(e.g., major depressive disorder as determined by DSM IV criteria), clinical diagnosis of 
dementia or other clinically significant cognitive impairment (Mini Mental State Exam 
score <24), a history of clinical stroke, clinically significant traumatic brain injury or other 
neurological disorder that could affect their performance (other than PD), any orthopedic 
problems that may affect their gait or had unstable medical condition including cardio-
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vascular instability (Vandenbossche et al., 2013). Recruitment was performed via reaching 
out to outpatient and related clinics of the geriatric medicine and neurology departments of 
Tel Aviv Medical Center and Radboud university medical center (Nijmegen, the Netherlands). 
The study was approved by local ethical committees and was performed according to the 
principles of the Declaration of Helsinki. All participants gave their written informed consent 
prior to participation.
Procedures
The protocol included two parts: (1) cognitive and motor examination, and (2) assessment 
of gait and frontal activation. All tests were performed in the “ON” state, approximately 
one hour after taking medications, for the PD patients. Participant characteristics and 
general physical and cognitive performance measures were obtained. The Mini Mental 
State Examination was used to assess global cognitive function (Folstein, Folstein, & 
McHugh, 1975) and a computerized neuropsychological test battery was used to generate 
index scores of executive function, attention and visual spatial processing (Mindstreams, 
NeuroTrax Corp., Israel) (Doniger et al., 2006). Mobility tests included the four square step 
test (FSST) to assess balance and mobility (Dite & Temple, 2002) and the two minute walking 
test (2MWT) for endurance (Brooks, Davis, & Naglie, 2007; Rossier & Wade, 2001). The 
computerized test battery, FSST and the 2MWT were not available for the healthy older 
adults from the Radboud university medical center (N=18). The Unified Parkinson’s Disease 
rating scale (UPDRS) was assessed to determine disease severity in patients with PD (Goetz 
et al., 2007).
 Gait and frontal activation were assessed during three walking tasks: (1) usual 
walking, (2) walking while serially subtracting 3s from a given three-digit number (DT), and 
(3) walking while negotiating obstacles at the size of 30cm width x 20cm depth x 10cm 
height. Each task was performed five times, in the order mentioned above. Each of these 
trials started with 20 seconds of standing quietly, with the instruction to refrain from talking 
and moving the head. After these 20 seconds, the instruction “start” or “start with [number]” 
(for serial subtraction) was given. Participants walked back and forth for thirty seconds in a 
30 meter walkway, afterwards they were instructed to stop and stand quietly for another 20 
seconds. Rest periods were given between trials based on the participant’s needs. Before 
starting each trial, the participant stood for at least one minute to minimize blood pressure 
fluctuations after standing up.
Functional Near Infrared Spectroscopy
Changes in oxygenated hemoglobin (O2Hb) and deoxygenated hemoglobin (HHb) 
concentrations in the prefrontal cortex were measured with the PortaLite™ fNIRS system 
(Artinis Medical Systems, Elst, the Netherlands). The system uses near infrared light, which 
is transmitted at two wavelengths, 760nm and 850nm. Data was sampled with a frequency 
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of 10Hz. The PortaLite™ uses wireless technology (Bluetooth), allowing participants to walk 
without the restriction of wires. Two probes were placed on the right and left forehead of 
the participants. Probes were positioned at a height of 15% of the nasion-inion distance 
from nasion and at 7% of the head circumference to the left and right from midline, to avoid 
measuring the midline sinus. These locations roughly target left and right Brodmann’s areas 
10, the dorsolateral and anterior pre-frontal cortex (PFC) (Maidan et al., 2015; Okamoto et 
al., 2004). The probes were shielded from ambient light by covering the forehead with black 
fabric. Oxysoft version 3.0.52 (Artinis Medical Systems, Elst, the Netherlands) was used for 
data collection. 
 Based on different absorption spectra, concentration changes of O2Hb and HHb 
in the targeted PFC were calculated from the changes in detected light intensity using 
the modified Lambert-Beer law, assuming constant scattering (Sakatani et al., 2006). The 
PortaLite™ has three transmitters and one receiver, with transmitter-receiver distances of 
30, 35 and 40 mm. The concentrations of O2Hb and HHb were exported to MATLAB (MATLAB 
and Statistics Toolbox Release 2012b, The MathWorks, Inc., Natick, Massachusetts) for 
further data processing. A bandpass filter with frequencies of 0.01-0.14 Hz was used to 
reduce physiological noise such as heart beat and drift of the signal. To remove motion 
artifacts, a wavelet filter was used (Brigadoi et al., 2014; Cooper et al., 2012), followed by 
correlation based signal improvement (CBSI) (Brigadoi et al., 2014; Cooper et al., 2012; 
Cui, Bray, & Reiss, 2010). O2Hb concentration signals of the three channels of each probe 
were then averaged, resulting in an O2Hb signal for the left and right PFC. For each trial, the 
average concentration of O2Hb during task performance, and during the 5 seconds before 
the task (referred to as the baseline) were calculated. Consistent with previous studies of 
fNIRS signals, each baseline concentration was subtracted from the average concentration 
during task performance to evaluate the relative change in O2Hb concentration during 
specific tasks (Ferrari & Quaresima, 2012; Holtzer et al., 2011; Holtzer et al., 2016; Holtzer et 
al., 2014; Leff et al., 2011; Mirelman et al., 2014). All trials were averaged per task, resulting 
in two O2Hb concentrations for each task (left and right PFC). Since no left-right differences 
were present (p>0.296), we averaged left and right PFC O2Hb concentrations for further 
analyses. 
 
Behavioural task performance
Gait was measured using electronic walkway with pressure sensors embedded in a carpet. 
The walkways were connected to a personal computer using PKMAS software (ProtoKinetics, 
Havertown, PA) for processing and data storing. In order to characterize the performance of 
usual and DT walking, two key measurements of walking, gait speed and stride length, were 
analyzed and presented (Morris, Iansek, Matyas, & Summers, 1998). For obstacle negotiation, 
gait speed and the duration of stepping over the obstacle for each step (in seconds) were 
obtained. We also calculated the percentage change in step duration (s) between steps over 
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the obstacles and normal steps during the obstacle walk. Serial subtraction performance 
was measured by calculating the percent of correct responses from the total responses for 
each trial. DT cost was calculated as ((dual task - single task)/single task)*100) for both gait 
measures. 
Statistical analyses
Means and standard errors were calculated for all dependent variables. Differences in levels 
of O2Hb between groups (i.e., healthy older adults and patients with PD) and tasks (i.e., usual 
walk, DT, and obstacle negotiation) were analyzed using a linear mixed model, including the 
interaction between group and task. We also included the factors age, gender, gait speed, 
and executive function index to control for group differences. Linear mixed models with the 
factors age and gender were used to analyze group and task differences in the behavioral 
performance outcome measures. For linear mixed models on O2Hb concentrations, random 
intercepts were allowed between participants since it improved model estimations. For 
all models, a covariance matrix was set for variance components. Post-hoc test p-values 
were Bonferroni corrected for multiple comparisons. Association between prefrontal 
activation and task performance between the two complex tasks (dual tasking and obstacle 
negotiation) and usual walking was explored using Pearson correlation coefficients. The 
association between performance and prefrontal activation within tasks was also explored 
using Pearson correlation coefficients between O2Hb levels and behavioral performance 
measures. Statistical significance was assumed when the (corrected) p-value was less than 
or equal to 0.05. Statistical analysis was performed using SPSS for Windows version 18. 
Results
Participants
Participant characteristics are shown in Table 1. No differences in age and gender were 
observed between groups. Patients with PD had lower scores on all cognitive measures 
including the MMSE and computerized cognitive tests, compared to the healthy older 
adults. As expected, patients with PD performed worse on tests of mobility. 
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Table 1: Participant characteristics
Domain Variable Older adults
(n=38)
Patients with PD
(n=68)
Between groups
p value
Demographic Age (years) 70.4±0.9 71.6±0.9 0.346
Gender (M/F) 20/18 46/22 0.147
MMSE (max 30) 28.8±0.2 28.2±0.2 0.024
Disease severity Disease duration (years) NA 9.1±0.7 NA
UPDRS Motor Part NA 32.9±1.7 NA
Computerized cognitive 
test a
Executive function 102.8±1.8 87.9±1.3 <0.001
Visual-spatial 103.1±3.3 94.6±1.9 0.032
Attention 101.1±1.6 88.6±1.9 <0.001
Mobility tests FSST (s) 8.7±0.5 14.5±0.9 <0.001
2MWT (m) 152.6±4.3 119.8±4.3 <0.001
PD=Parkinson Disease, UPDRS=Unified Parkinson Disease Rating Scale, MMSE=Mini-Mental State Examination, 
FSST=Four Step Square Test, 2MWT=2 Minute Walk Test. ascore of a 100 representing the age and education 
normed value. Entries are the mean ± Standard Error or ratio, as indicated.
Changes in frontal lobe activation
Significant differences in O2Hb levels between walking conditions were found (p<0.001) 
(Table 2 & Figure 1). In addition, the effect of walking conditions on O2Hb levels significantly 
differed between groups (group x condition interaction; p=0.011). In the healthy older 
adults, frontal activation increased during dual task walking compared to usual walking 
(p<0.001), and a trend towards significant change was observed during obstacle negotiation 
(p=0.053). In marked contrast, in patients with PD, O2Hb levels did not increase during dual 
task walking (p=0.122), but did increase during obstacle negotiation, compared to usual 
walking (p=0.001) (Table 2). In addition, we observed a significant difference in the relative 
increase in O2Hb during DT compared to usual walking (i.e., delta) between groups (p=0.008) 
(Table 2). When executive function was included as a covariate, this difference in the delta 
was no longer significant (p=0.156). 
 Between group comparisons for each condition separately revealed a significantly 
larger increase in O2Hb level during usual walking in the patients with PD, compared to the 
older adults (p=0.050). No significant differences between groups were observed during 
dual task walking (p=0.264) or obstacle negotiation (p=0.221). 
 Gender significantly influenced O2Hb levels, with men having higher O2Hb levels 
than women in all tasks (p=0.002). No significant interaction effects between gender*walking 
condition (p=0.524), gender*group (p=0.163) or gender*walking condition*group (p=0.550) 
were found, suggesting that differential effects of walking conditions between groups were 
not affected by gender. 
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Table 2: O2Hb concentrati ons during the diff erent walking tasks
Group Usual walking DT walking Obstacle 
negoti ati on
Delta 
(DT vs. usual)
Delta 
(obstacle vs. usual)
Healthy older adults 0.14±0.04 0.34±0.05* 0.25±0.04 0.19±0.05# 0.10±0.03
Pati ents with PD 0.24±0.02 0.29±0.03 0.33±0.03* 0.05±0.03 0.07±0.02
Post-hoc within group diff erence: *Diff erences between complex walking and usual walking, Post-hoc between 
group diff erence: #diff erences between healthy older adults and pati ents with PD.
Figure 1. Oxygenated hemoglobin (O2Hb) levels during the 3 walking conditi ons in each group. 
A signifi cant diff erence between usual walking and dual task walking was observed in the healthy older adults. 
In contrast, in the pati ents with Parkinson’s disease (PD), the O
2
Hb level was signifi cantly higher during obstacle 
negoti ati on walking, compared with usual walking.
Behavioral results
Table 3 shows between group comparisons of functi onal performance on the three walking 
conditi ons. As expected, pati ents with PD performed worse than the healthy older adults 
in all three walking conditi ons. The stride length was shorter, gait speed was lower, and 
percentage of correct subtracti ons was lower in the pati ents with PD. Dual task costs for 
gait were signifi cantly higher in the pati ents with PD than in the older adults. Similarly, the 
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effect of obstacle negotiation on gait speed was higher in the patients with PD than in the 
older adults. 
Table 3: Differences in performance of walking conditions between groups 
Task Variable Healthy older adults Patient with PD Between group 
P-value
Usual walking Stride length (cm) 127.8±1.9 109.0±1.9 <0.001
Gait speed (cm/sec) 115.5±1.5 96.3±1.8 <0.001
Dual task walk Stride length (cm) 127.3±2.1 98.4±2.2 <0.001
Gait speed (cm/sec) 111.1±1.8 82.6±2.0 <0.001
Obstacle walk Gait speed (cm/sec) 108.4±1.3 83.7±1.9 <0.001
Step over duration (msec) 610±10 650±10 <0.001
Change in step duration (%) 22±1 40±2 <0.001
Subtraction Subtraction- walking  
(% correct response)
96.2±1.0 89.4±1.6 0.001
Dual task cost Stride length (%) -2.8±0.5 -11.7±1.0* <0.001
Gait speed (%) -5.8±1.2 -16.6±1.1* <0.001
Obstacle negotia-
tion cost
Gait speed (%) -5.1±0.9 -14.0±1.2* <0.001
*Gait speed/stride length during dual tasking/obstacle negotiation was significantly lower than during usual 
walking. 
Associations between O2Hb levels and behavioral measures 
No significant correlations between O2Hb levels during walking conditions and gait speed 
were found in the healthy older adults. In contrast, in patients with PD, a positive correlation 
was found between level of O2Hb and gait speed during obstacle negotiation walking 
(r=0.326, p=0.008); a higher level of activation was associated with higher gait speed. In 
addition, more severe disease symptoms (as evaluated using the UPDRS) were associated 
with lower levels of O2Hb during usual walking (r=- 0.280, p=0.022) and obstacle negotiation 
walking (r=-0.355, p=0.003). 
 Comparison between delta O2Hb of DT and usual walking (change in frontal 
activation) and dual task cost for gait speed (change in behavioral measure) revealed 
different patterns in healthy older adults and patients with PD. In the healthy older adults, 
a large increase in O2Hb during DT, compared to usual walking coincided with low dual task 
cost for gait speed. In the patients with PD, small increase in O2Hb of DT, compared to usual 
walking, coincided with high dual task cost for gait speed (Figure 2A). On the other hand, 
comparison between delta O2Hb of obstacle negotiation and usual walking (change in frontal 
activation) and obstacle negotiation cost for gait speed (change in behavioral measure) 
revealed similar change in delta O2Hb in both groups but differences in obstacle negotiation 
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costs between groups. While healthy older adults had low obstacle negoti ati on cost for gait 
speed, pati ents with PD had a high obstacle negoti ati on cost for gait speed (Figure 2B). No 
signifi cant correlati ons between O2Hb levels and mobility tests were found. 
Figure 2. Comparison between relati ve increase (delta) in oxygenated hemoglobin (O2Hb) during walking 
conditi ons (gray bars) and behavioral measures of the absolute % cost (black squares) in healthy older adults 
and pati ents with Parkinson’s disease (PD).
(A) Delta O
2
Hb of dual task (DT) and usual walking and dual task cost for gait speed. (B) Delta O
2
Hb of obstacle 
negoti ati on and usual walking and obstacle negoti ati on cost for gait speed.
Discussion
Our study is, to our knowledge, the fi rst to report that prefrontal acti vati on during usual 
walking and complex walking change in pati ents with PD. In contrast to healthy older adults, 
pati ents with PD showed a signifi cant increase in prefrontal acti vati on during obstacle 
negoti ati on and only a slight increase in acti vati on during dual task walking, as compared to 
usual walking. However, during usual walking, higher O2Hb levels were observed in pati ents 
with PD as compared to healthy older adults. 
 The higher level of O2Hb in BA 10, a region that refl ects the DLPFC, during usual 
walking in pati ents with PD may refl ect the need for uti lizati on of cogniti ve resources even in 
this relati vely “simple” task. The associati on between cogniti ve abiliti es and BA 10 acti vati on 
is supported by the fi nding that aft er adjusti ng for the executi ve functi on score the group 
diff erence in the change in O2Hb values is no longer signifi cant. The use of cogniti ve 
resources to compensate for the defi cits associated with PD stands in line with a recently 
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suggested model (Kucinski et al., 2015; Sarter et al., 2014; Vandenbossche et al., 2013). 
This model proposes that during walking, patients with PD may attempt to compensate for 
deficits in automaticity by switching to increased cognitive control, in particular executive 
control (Vandenbossche et al., 2013). However, deficits in executive control limit this ability. 
Therefore, during more challenging walking conditions, the system may not be able to 
adequately respond, producing marked behavioral changes and in some cases, falls. The 
present results in the patients with PD are, to some degree, consistent with this model. 
 The high activation during usual walking observed in patients with PD suggests 
two possible scenarios during complex walking tasks. One is a further increase in frontal 
activation as observed in healthy older adults. The other is inability to further increase 
activation due to saturation (a ceiling effect) which results in lower performance. Our results 
show that patients with PD only slightly increased activation during dual task walking. This 
may provide a possible explanation to the reduced performance of the cognitive task, and 
the higher dual task cost for gait speed observed in patients with PD. Indeed, we found 
correlations that indicate that patients with higher prefrontal activation during usual 
walking and obstacle negotiation had lower disease severity and better gait performance. 
In addition, in healthy older adults the higher frontal activation was associated with lower 
dual task cost. This suggests that sufficient frontal activation is required to maintain stable 
gait that is not affected by the cognitive competition in the presence of the secondary task. 
 The further increase in O2Hb concentrations during obstacle negotiation in patients 
with PD reveals that the attenuated response is specific to DT and is actually not a result of 
O2Hb saturation. Perhaps during walking while negotiating obstacles, the obstacles in the 
path forced the patients to allocate cognitive resources to motor planning. During DT, low 
priority could be given to the cognitive task, indicating they prioritize gait and minimized 
attention to the cognitive task, which may also explain the low performance. However, 
the high obstacle negotiation cost for gait speed found in patients with PD indicates that 
this increase in prefrontal activation is not sufficient to compensate for the motor deficits 
associated with PD (Bonelli & Cummings, 2007; Holtzer et al., 2011; Mirelman et al., 2014). 
The ability of healthy older adults to maintain gait speed in tasks that pose higher motor and 
cognitive load as dual tasking and obstacle negotiation can be explained, at least in part, by 
the alterations in level of frontal activation. 
 The differences in levels of prefrontal activation between dual tasking and 
obstacle negotiation can be further explained by the nature of the tasks. Whereas obstacle 
negotiation can be viewed as an externally driven process, dual tasking is considered an 
internally driven process. Externally and internally driven processes have been associated 
with distinct patterns of brain activation. Previous work has shown that externally driven 
processes are associated with activation of caudal SMA and posterior occipital-temporal 
areas while internally driven processes involve greater activation of the rostral SMA and 
its adjacent cingulate cortex, as well as the DLPFC (François-Brosseau et al., 2009; Jenkins, 
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2000). This might explain the lower prefrontal activation during obstacle negotiation as 
compared to dual tasking in healthy older adults. 
 This study has a number of limitations. For example, the fNIRS system that was 
used included only two probes placed on the forehead. This limited our ability to assess 
activation in other regions of the brain and the involvement of other neural networks. It 
also limits our capacity to interpret the results in the context other than the DLPFC. Future 
studies should investigate a more generalized approach, perhaps with more fNIRS probes 
or other imaging techniques. In addition, fNIRS has good temporal but limited spatial 
resolution compared to traditional neuroimaging methods as fMRI. We also did not control 
for superficial hemodynamics (Gagnon et al., 2012; Kirilina et al., 2012) or systemic changes 
like blood flow or heart rate. Thus, we cannot rule out the influence of these factors, which 
might have changed during task performance (Takahashi et al., 2011). However, these 
factors were likely similar between walking tasks and thus cannot explain differences in 
O2Hb between tasks, or between healthy older adults and PD patients. In addition, it will be 
interesting to investigate changes in frontal activation during the OFF state and to explore 
the associations between changes in O2Hb and other gait features. One more point that 
should be considered in future studies is randomize the order of the walking conditions to 
ensure that this did not play a role in the observed results. 
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Abstract
Impaired dual tasking, namely the inability to concurrently perform a cognitive and a motor 
task (e.g., “stops walking while talking”), is a largely un-explained and frequent symptom of 
Parkinson’s disease. Here we consider two circuit-level accounts of how striatal dopamine 
depletion might lead to impaired dual tasking in patients with Parkinson’s disease. First, the 
loss of segregation between striatal territories induced by dopamine depletion may lead to 
dysfunctional overlaps between the motor and cognitive processes usually implemented 
in parallel cortico-striatal circuits. Second, the known dorso-posterior to ventro-anterior 
gradient of dopamine depletion in Parkinson patients may cause a funneling of motor and 
cognitive processes into the relatively spared ventro-anterior putamen, causing a neural 
bottleneck. Using functional magnetic resonance imaging, we measured brain activity in 
19 Parkinson patients and 26 controls during performance of a motor task (auditorily-
cued ankle movements), a cognitive task (implementing a switch-stay rule), and both tasks 
simultaneously (dual task). The distribution of task-related activity respected the known 
segregation between motor and cognitive territories of the putamen in both groups, 
with motor-related responses in the dorso-posterior putamen and task switch-related 
responses in the ventro-anterior putamen. During dual task performance, patients made 
more motor and cognitive errors than controls. They recruited a striatal territory (ventro-
posterior putamen) not engaged during either the cognitive or the motor task, nor used 
by controls. Relatively higher ventro-posterior putamen activity in controls was associated 
with worse dual task performance. These observations suggest that dual task impairments 
in Parkinson’s disease are related to reduced spatial focusing of striatal activity. This pattern 
of striatal activity may be explained by a loss of functional segregation between neighboring 
striatal territories that occurs specifically in a dual task context.
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Introduction
We often take for granted the ability to walk while simultaneously talking, thinking, or 
navigating. In fact, combining walking with another task is an instance of dual tasking, and 
it requires the cognitive ability to perform multiple activities in parallel. For patients with 
Parkinson’s disease, impaired dual tasking is an important clinical problem (Kelly, Eusterbrock, 
& Shumway-Cook, 2012). When combining walking with another task, performance on one 
or both tasks deteriorates (Bloem, Grimbergen, van Dijk, & Munneke, 2006; Hausdorff, 
Balash, & Giladi, 2003; Kelly et al., 2012; Wild et al., 2013; Yogev et al., 2005). This has major 
consequences such as falls, loss of independence, and reduced quality of life (Bloem et al., 
2006; Kelly et al., 2012; Rubenstein & Josephson, 2006).
 Here we consider two circuit-level accounts of impaired dual tasking in Parkinson 
patients, in a clinical population with an increased risk of falls. Both accounts elaborate 
on the consequences of striatal dopamine depletion, the pathophysiological hallmark of 
Parkinson’s disease. The first account is built on the finding that dopamine depletion disturbs 
the parallel organization of cortico-striatal circuits. Normally, the cortico-striatal system 
is organized in distinct loops, each supporting domain-specific computations (e.g. motor, 
cognitive, and motivational loops) (Alexander, DeLong, & Strick, 1986; Howe & Dombeck, 
2016; Middleton & Strick, 2000; Rodriguez-Oroz et al., 2009; Tremblay, Worbe, Thobois, 
Sgambato-Faure, & Feger, 2015). It has been suggested that these circuits operate in 
parallel, enabling simultaneous execution of two tasks (Fischer & Plessow, 2015; Helmich et 
al., 2010). Primate studies indicate that this parallel organization might be lost in Parkinson’s 
disease: parkinsonian animal models had increased functional interactions between 
normally segregated cortico-striatal circuits, as compared to healthy animals (Bergman et 
al., 1998; Calabresi, Ghiglieri, Mazzocchetti, Corbelli, & Picconi, 2015). Accordingly, the loss 
of segregation between cortico-striatal circuits induced by dopamine depletion may lead to 
dysfunctional overlaps between the motor and cognitive processes implemented in those 
parallel circuits during dual tasking (Pessiglione et al., 2005). 
 The second account is built on the finding that dopamine depletion in Parkinson’s 
disease is not homogeneous – the dorso-posterior putamen is most affected and the 
ventro-anterior striatum is least affected (Bruck et al., 2006; Kish, Shannak, & Hornykiewicz, 
1988). The dorso-posterior putamen is involved in simple response selection and automatic 
movement (Jankowski, Scheef, Huppe, & Boecker, 2009), functions that are impaired in 
Parkinson’s disease (Wu, Hallett, & Chan, 2015). Functional connectivity with the motor 
system is shifted from posterior to anterior putamen both in Parkinson patients (Hacker, 
Perlmutter, Criswell, Ances, & Snyder, 2012; Helmich et al., 2010; Wu, Liu, et al., 2015) 
and in pre-clinical LRRK2 (leucine-rich repeat kinase 2) mutation carriers at increased risk 
of developing Parkinson’s disease (Helmich et al., 2015). Accordingly, Parkinson patients 
showed reduced posterior putamen and increased anterior putamen activity during 
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automatic finger movements (Wu, Liu, et al., 2015). This forward shift of functionality might 
create a computational overlap between simple response selection and the cognitive control 
processes implemented in the ventro-anterior striatum (Jueptner & Weiller, 1998; Yildiz & 
Beste, 2015), causing a neural bottleneck that prevents performing motor and cognitive 
tasks at the same time.
 Here, we investigated which of these two hypotheses best explains dual task 
impairments in Parkinson’s disease. To this end, we used two validated tasks (motor and 
cognitive), each associated with a specific pattern of cortico-striatal activity, and each relying 
on independent sensory inputs and motor outputs. The motor task involved auditorily-
paced ankle flexions/extensions and the cognitive task involved the implementation of a 
switch/stay rule on visual stimuli with manual responses. Crucially, subjects also performed 
both tasks at the same time (dual task). We tested whether Parkinson patients would show 
more widespread striatal activity, as predicted by the “loss of segregation” hypothesis. We 
also tested whether Parkinson patients showed a posterior to anterior shift in motor task 
related activity, and an overlap between motor and cognitive-related activity in the anterior 
putamen, as predicted by the “neural bottleneck” hypothesis. 
Materials and methods
Participants
We included 32 Parkinson patients and 27 age and gender matched healthy controls from 
the V-TIME project (Mirelman et al., 2016; Mirelman et al., 2013). This project aimed to 
evaluate the efficiency of combined motor and cognitive gait training on fall risk (Mirelman 
et al., 2016) and to explore neural activation during dual task conditions. Inclusion criteria for 
Parkinson patients were: (1) clinical diagnosis of idiopathic Parkinson’s Disease, according to 
the UK Brain Bank criteria; (2) 60 years old or older; (3) self-reported walking difficulties; (4) 
two or more near-falls (Maidan et al., 2014) in the previous six months or adapted behavior 
to avoid falls, and (5) able to walk 5 minutes without personal help. We selected Parkinson 
patients with gait and balance disorders, given the close relationship between dual task 
difficulties and falls (Kelly et al., 2012). Healthy control participants had to be 60 years 
or older and have no self-reported walking difficulties. Exclusion criteria for both groups 
were MRI contra-indications, a history of traumatic brain injury or stroke, major depression 
according to the DSM-IV (diagnostic and statistical manual of mental disorders-IV) criteria, 
clinical diagnosis of dementia or severe cognitive impairment (score lower than 24 on the 
Mini Mental State Examination). All participants participated voluntarily and gave their 
written informed consent prior to starting the study. The study was approved by the ethical 
committee “Commissie mensgebonden onderzoek (CMO) region Arnhem-Nijmegen” and 
was performed according to the principles of the Declaration of Helsinki. Parkinson patients 
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were measured while on their own dopaminergic medication (i.e. in the on-medication 
state), to reduce drop-out due to worsening of symptoms. 
 Out of the 32 initially included Parkinson patients, 13 were excluded from the 
analyses. For five patients the dual task was too difficult, three had severe kyphosis and 
therefore could not lie supine in the scanner for the required duration. Another five patients 
were excluded during data processing because they did not comply with the protocol (four 
patients) or performed below chance level (one patient). Out of the 27 included healthy 
controls, 26 were included in the analyses. One participant was excluded because she did 
not comply with the protocol. 
Experimental design
The experimental design consisted of a cognitive task, a motor task and the combination of 
these tasks simultaneously (i.e. dual task performance, Figure 1). 
 During cognitive task performance, participants had to implement a switch-
stay rule in a task based on previous experiments including incongruent arrow-word 
combinations (Aarts et al., 2012; Aarts et al., 2014; Aarts et al., 2010; Aarts, Roelofs, & van 
Turennout, 2009). When arrow-word combinations were framed with a square, participants 
had to respond to the meaning of the word, and when framed with a diamond they had to 
respond to the direction at which the arrow pointed. Task-repeat trials were trials in which 
the frame was identical to the previous trial, task-switch trials were trials in which the frame 
differed from that of the previous trial. Subjects responded with their index and middle 
finger of one hand. Parkinson patients who showed upper-limb tremor used the hand least 
affected by tremor, otherwise the hand of preference was used. Eight healthy controls used 
their non-preferential hand to match Parkinson patients who had to do this. We controlled 
for response switching (i.e. pressing the opposite or the same response button as in the 
previous trial) by equally dividing response-switch and response-repeat trials over the 
conditions of interest (task-switch and task-repeat trials). 
 During the motor task, participants pressed left and right foot buttons in an 
alternating manner with first metatarsal phalangeal joints by performing ankle plantar- and 
dorsiflexion at an auditorily-cued rate of 0.8 Hz. This is similar to the rate of dorsiflexion 
movements during walking at casual speeds (Dobkin, Firestine, West, Saremi, & Woods, 
2004). Similar protocols have been successfully used for investigation of neural networks of 
gait (Katschnig et al., 2011; Naismith & Lewis, 2010; Schwingenschuh et al., 2013; Shine et 
al., 2013; Shine, Ward, Naismith, Pearson, & Lewis, 2011). Participants were instructed to 
gently press the foot buttons, were lying with slightly flexed knees with a pillow under their 
calves, and free ankles to minimize head motion. 
 The whole protocol consisted of six blocks with a single cognitive task only (Figure 
1A), and six blocks that started with 30 seconds of single motor task, followed by the dual 
task (motor and cognitive task, Figure 1B). This allowed us to consider the effect of dual task 
Chapter 5
104
performance on the cognitive and the motor task independently. To do so, we modeled four 
tasks of interest: (1) single cognitive task (task-switch vs. repeat trials; event-related) (2) dual 
cognitive task (task-switch vs. repeat trials; event-related during an ankle movement block); 
(3) single motor task (block), and (4) dual motor task (block). 
Figure 1. Schematic overview of the dual task paradigm
Two types of blocks were presented in alternating order, six times each, resulting in a total of 12 blocks. (A) Single 
cognitive task block, including 24 trials (duration 2.2 minutes). (B) Combined block of single motor and dual task. 
These blocks started with 30 seconds of single motor task, followed by simultaneous motor and cognitive task 
performance (24 trials cognitive task, duration 2.2 minutes). In both types of blocks, trials were presented for 2 
seconds with a random inter-trial interval of 2.5 to 4.5 seconds. The order of the two blocks (start with one of the 
two) was counterbalanced across subjects. For each individual a unique pseudo-randomization of the 288 trials of 
the cognitive task was made. With four conditions (single task versus dual task, task switch versus task repeat), this 
gave 62 to 74 trials per condition. The total duration of the fMRI experiment was about 37 minutes. 
Experimental procedures
All participants visited our center on two separate days. On one of these days, we assessed 
general participant characteristics (table 1). During the second visit, the MRI assessment was 
performed. After standardized verbal instructions, participants extensively practiced both 
single tasks and the dual task in a dummy MR-scanner. Practice continued until participants 
were able to perform the task with few mistakes (maximum of 1.5 hours). After a break of 
15 to 30 minutes, participants performed the task in the real MR-scanner (~37 minutes). 
 Impaired dual task mechanisms in Parkinson’s disease
105
5
Behavioral analysis
Behavioral data was analyzed using IBM SPSS (statistical package for the social sciences) 
Statistics Version 21. For the motor task, we quantified behavioral performance by calculating 
the movement frequency error as a measure of accuracy. This was done by taking the absolute 
difference between the mean frequency of recorded button presses and the frequency of 
the auditory cues (0.8 Hz), separately for the single and dual motor task. To maximize the 
homogeneity of variances between groups, we normalized the movement frequency error 
by using a 2∗arcsin√x transformation (Sheshkin, 2003). Then we performed a 2-way repeated 
measures ANCOVA (analysis of covariance) with within-subjects factor CONTEXT (single vs. 
dual) and between-subjects factor GROUP (healthy control vs. Parkinson). Gender was added 
as covariate, given a numerical (but not significant) difference between the two groups.
 For the cognitive task, we quantified behavioral performance by calculating the 
average error rates and reaction times for each of the task conditions. Error rates were 
calculated as the mean proportions of incorrect responses of answered trials (excluding 
missed trials), and were normalized using the same formula as outlined above for the motor 
task. Reaction times were transformed by calculating the natural logarithm (LN) to achieve 
a normal distribution. Then we performed a 3-way repeated measures ANCOVA, separately 
for error rates and reaction times, with within-subjects factors TASK-ORDER (switch vs. 
repeat), and CONTEXT (single vs. dual), and between-subjects factor GROUP (healthy control 
vs. Parkinson). Gender was added as covariate. To control for altered speed-accuracy trade-
off during the cognitive task, we corrected the error rates by dividing them with average 
reaction times (for each condition), and then performed the same ANCOVA on those ratio 
scores (also known as Efficiency (Machizawa & Driver, 2011; Nixon, Lawton-Craddock, Tivis, 
& Ceballos, 2007; Townsend & Ashby, 1983; Woltz & Was, 2006)). In all behavioral analyses, 
statistical significance was assumed when P < .05. 
fMRI image acquisition and preprocessing
Images were acquired on Siemens TRIO and PRISMA 3 Tesla MRI systems (Siemens Erlangen, 
Germany) equipped with echo planar imaging (EPI) capabilities, using a 32-channel head 
coil for radio frequency transmission and signal reception. Blood oxygen level-dependent 
(BOLD) sensitive functional images were acquired using a multiecho sequence (TR 2.24s, 5 
echoes with TE 9.3 - 50 ms, 32 axial slices, voxel size = 3.5 x 3.5 x 3.0 mm, inter-slice gap of 
0.5 mm, field of view = 224 mm). High resolution anatomical images were acquired using an 
MP-RAGE (magnetization-prepared rapid gradient-echo) sequence (TR = 2300ms, TE = 3.03 
ms, voxel size = 1.0 x 1.0 x 1.0 mm, 192 sagittal slices, field of view = 256 mm, scanning time 
~5 minutes). Data were collected on two different scanners, because our MR system was 
updated during data collection. Of included subjects, 10 healthy controls and 6 Parkinson 
patients were scanned on the TRIO and 16 healthy controls and 13 patients were scanned 
on the PRISMA (no significant group difference, χ
(1)
 = 0.2, P = .63). 
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Data was analyzed using SPM12 (Statistical Parameter Mapping, http://www.fil.ion.ucl.
ac.uk/spm) and FEAT (FMRI Expert Analysis Tool) Version 6.00, part of FSL (FMRIB's Software 
Library, www.fmrib.ox.ac.uk/fsl). First, we combined the five echoes to form a single time 
series (equal weights of all echoes). Second, we performed thorough de-noising of the 
fMRI images, to remove motion artifacts caused by slight head movements introduced 
by the ankle movements. Specifically, we used principle components analyses (PCA) to 
filter out slice-specific noise components (i.e. before normalization). Subsequently, we 
used ICA-AROMA to remove noise components in an automated, observer-independent 
manner (Pruim, Mennes, Buitelaar, & Beckmann, 2015; Pruim, Mennes, van Rooij, et al., 
2015). Since ICA-AROMA was scripted in FSL, we performed several steps in FSL before data 
was entered into ICA-AROMA: image registration, motion correction, non-brain removal, 
spatial smoothing (using a Gaussian kernel of 5 mm FWHM) and grand-mean intensity 
normalization (Andersson, Jenkinson, & Smith, 2007; Jenkinson, Bannister, Brady, & Smith, 
2002; Jenkinson & Smith, 2001; Smith, 2002). 
 Output images from ICA-AROMA, which were realigned and in native space, were then 
further analyzed using SPM12, i.e. they were (1) slice time-corrected to the first slice, (2) co-
registered to a structural MRI image, (3) normalized to MNI (Montreal neurological institute) 
space using the ICBM (international consortium for brain mapping) space template for European 
brains, and (4) spatially smoothed using a 5 mm Gaussian kernel. Structural images were 
segmented and normalized using a unified segmentation approach (Ashburner & Friston, 2005). 
 
fMRI analysis
For each participant, we performed a multiple regression analysis at the first level using the 
general linear model implemented in SPM12. We modeled the cognitive task conditions 
using an event-related approach for the four conditions of interest: CONTEXT (single vs. dual 
task) and TASK-ORDER (repeat vs. switch). Trials were modeled as square-wave functions 
time-locked to stimulus onset, with a duration corresponding to the mean reaction time 
over all arrow-word trials of that condition. Missed and incorrect trials were included as 
separate regressors. We modeled the motor task by including two regressors: the single 
motor task (6 blocks of 30 seconds) and the dual motor task (6 blocks of 2.2 minutes). 
Finally, we included a regressor for instructions, and several nuisance regressors to correct 
for motion artifacts and non-neural noise: the averaged signal intensity of each scan (Power 
et al., 2014), the time course of bilateral ventricles, and the time courses of the components 
identified and removed as noise by the PCA slice-wise filter. Motion parameters were 
not included, since ICA-AROMA already removed these components from the fMRI data 
(Pruim, Mennes, Buitelaar, et al., 2015; Pruim, Mennes, van Rooij, et al., 2015). Parameter 
estimates for all regressors were obtained by restricted maximum-likelihood estimation, 
and a temporal high pass filter with 128s cutoff was used. Temporal autocorrelation was 
modeled as a first-order-auto-regressive-AR(1)-process. 
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Next we defined several contrasts of interest at the first level. First, we identified brain 
regions showing a main effect of TASK-ORDER (task-switch > task-repeat), averaged over all 
conditions (i.e. single and dual task), and restricted to the single task. Second, we identified 
brain regions showing an interaction between CONTEXT (dual task > single task) and TASK-
ORDER (task-switch > repeat). Third, we identified brain regions showing ankle movement-
related activity, averaged over both conditions (single and dual task), and restricted to the 
single task. Fourth, we identified brain regions showing a main effect of CONTEXT (dual 
task > single task) on movement-related activity. These contrasts were taken to the second 
level and entered into a one-sample (within groups) or two-sample (between groups) t-test, 
with gender as covariate. For detection of activated areas and group differences on whole 
brain level, we used a cluster-forming threshold of P = .001, with cluster level whole brain 
corrected (FWE - family wise error) P < .05 as significance threshold (Eklund, Nichols, & 
Knutsson, 2016; Flandin & Friston, 2016). The anatomy toolbox (Eickhoff et al., 2005) was 
used to anatomically localize clusters of activity. Furthermore, given our a priori hypotheses 
on striatal dysfunction, we applied a volume of interest analysis (bilateral putamen) 
for group comparisons on the contrasts defining a dual task effect (interaction between 
CONTEXT and TASK-ORDER and the effect of CONTEXT on movement-related activity). We 
took the putamen volume of interest from the AAL (automated anatomical labeling) atlas 
(Tzourio-Mazoyer et al., 2002). For these analyses, we used a threshold of P = .05, with peak 
value small volume FWE corrected P < .05 as significance threshold. 
 For voxels showing significant differences in dual task-related activity between 
healthy controls and Parkinson patients, we related brain activity to behavioral performance 
(using Pearson correlation coefficients). Post-hoc, we tested for lateralization of our findings 
by flipping our contrast images in the axial plane and statistically comparing the effects 
(shown in figure 5) between hemispheres (Helmich, Janssen, Oyen, Bloem, & Toni, 2011). 
Activity of putamen subregions
To test for a potential shift of activity in the striatum in Parkinson patients, as predicted by 
the neural bottleneck hypothesis, we subdivided the putamen as described before (Helmich 
et al., 2015), i.e. into dorso-posterior, ventro-posterior, dorso-anterior and ventro-anterior 
subregions. The borders between the four regions were transverse and coronal planes passing 
through MNI coordinates z=0 and y=0, respectively. This approach allowed us to directly 
compare cognitive and motor-related activity between putamen subregions and thereby 
test for task-specific functional organization. We quantified activity of these subregions 
by extracting mean beta values for single motor (contrast: single motor > baseline) and 
single cognitive tasks (contrast: task-switch > repeat in single task conditions) using MarsBaR 
(Brett, Anton, Valabregue, & Poline, 2002). We used repeated measures ANOVA with factors 
TASK (motor vs. cognitive), GROUP (healthy control vs. Parkinson) and SUBREGION (dorso-
posterior, ventro-posterior, dorso-anterior and ventro-anterior putamen) on these values. 
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Results
Characteristics of included participants are presented in table 1. Both Parkinson patients 
and controls were able to perform the tasks in the MR-scanner without excessive head 
motion. The average scan-to-scan displacement was 0.12 ± 0.07 mm for Parkinson patients 
and 0.11 ± 0.05 mm for controls, with maxima of 1.7 and 2.3 mm respectively. These motion 
parameters did not differ between Parkinson patients and controls (all P-values > 0.5).
Table 1. Characteristics of participants.
Healthy control  
(N=26)
Parkinson’s disease 
 (N=19)
Age (years) 71.2 ± 5.3 70.7 ± 6.1
Gender (men) 16 15
MMSE 28.5 ± 1.1 28.8 ± 1.1
FAB 16.6 ± 1.3 15.8 ± 2.2
Use of walking aid (yes) 0 5
PASE 174.1 ± 61.0 78.6 ± 46.2
FES-I 17.5 ± 1.9 29.9 ± 7.0
Years since diagnosis PD - 6.2 ± 4.8
Hoehn & Yahr - 2 (2-3)
LEDD (mg/day) - 863.2 ± 371.8 
UPDRS III - 36.0 ± 8.2
FOG-Q - 8.7 ± 9.4
Values are mean ± standard deviation, frequency or median (range). All tests were administered in the on-
medication state for patients with Parkinson’s disease. The Mini mental state examination (MMSE, possible range 
0-30) was assessed for general cognitive functioning (Folstein, Folstein, & McHugh, 1975), Frontal assessment 
battery (FAB, possible range 0-18) for frontal lobe functioning (Dubois, Slachevsky, Litvan, & Pillon, 2000; van Loo, 
Wiebrands, & van Laar, 2007), Falls efficacy scale – International (FES-I, possible range 16-64) for fear of falling 
(Yardley et al., 2005) and the Physical activity scale for the elderly (PASE, possible range 0 -361) for the level of 
physical activity (Craig et al., 2003). For Parkinson’s disease patients, we also assessed the unified Parkinson's 
disease rating scale (UPDRS, possible range part III 0-132) for severity of disease symptoms (Goetz et al., 2007), 
and the freezing of gait questionnaire (FOG-Q, possible range 0-32) for severity of freezing of gait (Nieuwboer 
et al., 2009). To obtain a standardized measure of antiparkinsonian drug treatment, we calculated the levodopa 
equivalent daily dose (LEDD) (Tomlinson et al., 2010)g for each participant.
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Behavioral performance
Task-switching: Parkinson patients made more errors during cognitive task performance 
than healthy controls (controls: mean error rate 2.23 ± 1.77%; patients: 4.37 ± 2.41%; main 
effect GROUP; F
(1,42) 
= 12.8, P = .001). During dual tasking, task-switch trials led to more 
errors in Parkinson patients than in healthy controls, relative to task-repeat trials and 
single tasking (Figure 2A, GROUP*CONTEXT*TASK-ORDER; F
(1,42) 
= 4.2, P = .047). Breaking 
down this interaction did not show significant 2-way interactions (GROUP*TASK-ORDER; 
single: F
(1,42)
 = .1, P = .241; dual: F
(1,42) 
= 2.5, P = .124). The relatively larger dual task effect 
in Parkinson’s disease remained significant when correcting error rates for reaction time 
(F
(1,42)
 = 4.3, P = .043), ruling out the contribution of different speed-accuracy trade-off 
between groups. Overall reaction times were similar between Parkinson patients and 
controls (F
(1,42)
 = 0.6, P = .425), and there were no significant interactions. 
 Ankle movements: Similar to cognitive task performance, motor task performance 
tended to be differentially affected by dual tasking in Parkinson patients (Figure 2B, 
GROUP*CONTEXT F
(1,42)
 = 3.6, P = .066). Patients showed a similar movement frequency 
error during dual compared to single task conditions (t
(18)
 = -.3, P = .773), while healthy 
controls showed reduced movement frequency error during dual task conditions (t
(25)
 = 3.3, 
P = .003). 
Cerebral activity related to task-switching and ankle movements (whole-brain analysis) 
Task-switching: Both healthy controls and Parkinson patients showed significant task switch-
related activity in the precuneus and superior parietal lobule (Figure 3, table 2, supplementary 
Figure 1). Healthy controls also showed switch-related activity in left inferior parietal lobule 
and left superior frontal gyrus. This corresponds well with previous studies, where task switch-
related activity was found in the precuneus (Aarts et al., 2014; De Baene, Duyck, Brass, & 
Carreiras, 2015; Kim, Cilles, Johnson, & Gold, 2012; Yeung, Nystrom, Aronson, & Cohen, 2006), 
inferior parietal lobule (Aarts et al., 2014; Aarts et al., 2010; De Baene et al., 2015; Yeung et 
al., 2006), and superior frontal sulcus (De Baene et al., 2015). There were no regions showing 
differential switch-related activity between groups (supplementary Figure 3). 
 Ankle movements: Motor task performance was associated with increased activity 
in a large cluster over medial frontal and paracentral lobules, both in healthy controls and 
in Parkinson patients (Figure 3, table 3, supplementary Figure 2). This cluster included 
regions within the primary and supplementary motor areas where ankle movements are 
represented (Cunningham, Machado, Yue, Carey, & Plow, 2013; Lotze et al., 2000). Other 
clusters with significant activity in both healthy controls and Parkinson patients were located 
in the cerebellum and bilateral temporal gyri. The latter corresponds to the auditory cortex 
(Moerel, De Martino, & Formisano, 2014), likely reflecting the presence of the auditory 
pacing cues. This pattern of activity is in line with studies using similar motor tasks, which 
found activity in the supplementary motor area (Dobkin et al., 2004; Katschnig et al., 2011), 
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primary motor and sensory cortices (Dobkin et al., 2004; Hollnagel et al., 2011; Katschnig 
et al., 2011), cerebellum (Dobkin et al., 2004; Katschnig et al., 2011) and parietal areas 
(Dobkin et al., 2004; Hollnagel et al., 2011). There were no regions showing differential 
ankle movement-related activity between groups (supplementary Figure 3).
Table 2. Clusters showing significant task switch-related activity in healthy controls and patients with 
Parkinson’s Disease, averaged over single and dual task. 
Anatomical label Functional / detailed label
(percentage of cluster 
within area)1
p-value
(Cluster FWE 
corrected)
Cluster 
size
(voxels)
T-value
(peak 
voxel)
Stereotactic 
coordinates
(MNI)
x y z 
Healthy controls task switch > repeat
Precuneus and 
superior parietal 
lobule
BA 7 (44.3 %) < .001 1080 7.8 0 -70 40
5.8 -18 -66 28
4.9 -6 -62 56
Left inferior  
parietal lobule
PFm (51.1 %) .011 155 6.1 -50 -52 48
, hIP2 (40.2 %) 4.9 -44 -44 46
3.6 -48 -40 54
Left inferior  
parietal lobule
Angular gyrus (59.9 %) < .001 443 5.5 -40 -78 28
4.7 -40 -60 30
4.6 -46 -62 38
Left superior  
frontal gyrus
Premotor cortex2 .005 180 6.0 -22 -6 52
5.5 -22 0 58
Parkinson’s disease task switch > repeat
Precuneus and 
superior parietal 
lobule
BA 7 (48.3 %) .002 165 5.7 -4 -72 38
4.4 -16 -74 36
1Estimated using the Anatomy Toolbox (Eickhoff et al., 2005)
2(Mayka, Corcos, Leurgans, & Vaillancourt, 2006)
BA = Brodmann area, PFm = Parietal foramina, hIP = human intraparietal area 
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Table 3. Clusters showing significant ankle movement related activity in healthy controls and patients with 
Parkinson’s Disease, averaged over single and dual task.
Anatomical label Functional /  
detailed label
(percentage of cluster 
within area) 1
p-value
(Cluster FWE 
corrected)
Cluster size
(voxels)
T-value
(peak 
voxel)
Stereotactic 
coordinates
(MNI)
x y z 
Healthy controls ankle movement related activity 
Medial frontal and 
paracentral lobules 
BA 6 (47.2 %) – SMA2,3 < .001 4252 9.4 -4 -40 68
BA 4a (26.6 %) - M12,3 8.8 -8 -32 64
BA 5, BA 3 - S1 8.2 4 -32 76
Cerebellar vermis and 
hemispheres 
Lobule V (33.1 %) < .001 1884 10.2 -2 -50 -10
Lobules I-IV (22.3 %) 7.3 10 -44 -18
6.8 2 -78 0
Right superior  
temporal gyrus 
Auditory cortex4 < .001 1830 7.8 54 -16 10
6.2 68 -18 8
5.4 58 -28 16
Left superior temporal 
gyrus
Auditory cortex4 .022 158 6.6 -50 6 0
5.1 -58 8 0
3.9 -52 -6 -2
Left inferior parietal 
lobule and superior 
temporal gyrus
Auditory cortex4 < .001 1828 6.5 -52 -48 38
6.2 -44 -28 8
5.7 -62 -20 6
Right putamen .013 176 5.2 28 -10 14
4.3 30 6 10
3.8 24 0 12
Right middle frontal 
gyrus 
.043 134 4.3 40 42 22
4.1 28 36 24
3.7 42 44 30
Parkinson’s disease ankle movement related activity 
Medial frontal and 
paracentral lobules
BA 6 (42.9 %) - SMA2,3 < .001 2846 8.3 0 -26 76
BA 4a (30.5 %) - M12,3 7.8 10 -14 74
BA 5, BA 3 - S1 7.0 -2 -34 76
 Cerebellar vermis and 
hemispheres
Lobule V (36.3 %) < .001 873 7.3 -2 -52 -8
Lobules I-IV (44.2 %) 6.9 6 -46 -16
6.6 -2 -48 -16
 Right superior temporal 
gyrus
Auditory cortex4 < .001 1506 6.4 64 -20 6
5.6 48 -18 0
5.5 48 -28 16
 Left superior temporal 
gyrus
Auditory cortex4 < .001 1196 6.5 -62 -20 22
6.2 -58 -24 0
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5.7 -48 -32 14
 Left inferior parietal 
lobule 
PFm (54.5 %) 0.005 199 6.4 -50 -48 42
5.4 -42 -60 50
4.9 -44 -48 30
1Estimated using the Anatomy Toolbox (Eickhoff et al., 2005)
2(Cunningham et al., 2013)
3(Lotze et al., 2000)
4(Moerel et al., 2014)
BA = Brodmann Area, SMA = Supplementary motor cortex, M1 = primary motor cortex, S1 = primary somatosensory 
cortex, PFm = Parietal foramina
 Impaired dual task mechanisms in Parkinson’s disease
113
5
Figure 3. Task switch and ankle movement-related activity.
(A) Task switch-related activity for healthy controls and patients with Parkinson’s disease (B) Ankle movement-
related activity for healthy controls and patients with Parkinson’s disease. Positive T-values (yellow-red) represent 
increased activity (task switch > task repeat or ankle movement > baseline). Negative T-values (cyan-blue) represent 
decreased activity (task switch < task repeat or ankle movement < baseline). Averaged over single and dual task 
conditions, thresholded at p = .005 for display purposes. Values represent z-axis MNI coordinates. Plotted using the 
bspmview toolbox (Spunt, 2016). 
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Cerebral activity related to task-switching and ankle movements (putamen subregions)
We tested for a shift in task-related activity in Parkinson patients (as predicted by the neural 
bottleneck hypothesis) by contrasting cerebral activity in putamen subregions between tasks 
and groups. Over both groups, the distribution of activity over putamen subregions differed 
between task-switching and ankle movements (Figure 4, TASK*SUBREGION F
(3,129
) = 10.1, P < 
.001). This task specific distribution did not differ between controls and Parkinson patients 
(Fig 4. TASK*SUBREGION*GROUP F
(3,129)
 = .3, P = .794). Given these results, we tested for 
functional organization in task-switching and ankle movements separately. 
 Task-switching: Across groups, task switch-related activity during single task 
conditions was different across subregions of the putamen (main effect SUBREGION F
(3,129)
 
= 5.6, P = .001, Figure 4). More specifically, the ventro-anterior putamen showed more task 
switch-related activity than ventro-posterior putamen (post-hoc Bonferroni corrected P = 
.011) and tended to have more task switch-related activity than the dorso-posterior putamen 
(post-hoc Bonferroni corrected P = .070). Task switch-related activity in the ventro-anterior 
putamen was significant in patients (t
(18)
 = 2.2, P = .040), but failed to reach significance in 
controls (BOLD time courses shown in supplementary Figure 4a). There was no main effect 
of GROUP (F
(1,43)
 = .6, P = .426), and no interaction between GROUP and SUBREGION (F
(3,129)
 
= .3, P = .836), suggesting that the functional specialization of single task-related activity 
across the putamen was similar between groups. 
 Ankle movements: In both groups, single task motor-related activity was different 
across the putamen (main effect SUBREGION F
(3,129)
 = 13.8, P < .001), such that the dorso-
posterior putamen had significantly more motor-related activity than each of the other 
three putamen subregions (post-hoc Bonferroni corrected P <.001). In both groups, motor 
task-related activity was significant for the dorso-posterior putamen (controls: t
(25)
 = 4.0, P 
<.001; patients: t
(18)
 = 2.4, P = .029, BOLD time courses shown in supplementary Figure 4b). 
There was no main effect of GROUP (F
(1,43)
 = .1, P = .796), and no interaction between GROUP 
and SUBREGION (F
(3,129)
 = .6, P = .595), suggesting that the functional specialization of single 
motor-related activity across the putamen was similar between groups. 
 Taken together, we observed two different gradients of task-related activity across 
the striatum, with the ventro-anterior putamen being preferentially involved in the cognitive 
task and the dorso-posterior putamen being preferentially involved in the motor task. These 
gradients were similar between groups. 
Differential dual task-related activity between groups 
To test for more widespread striatal activity in Parkinson patients (as predicted by the loss 
of segregation hypothesis), we implemented voxel-by-voxel analyses for both task switching 
and ankle movement related activity. 
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Figure 4. Ankle movement and task switch-related activity across putamen subregions.
(A) Ankle movement-related activity in putamen subregions, for healthy controls (left, dark colors) and patient with 
Parkinson’s disease (right, light colors). (B) Task switch-related activity in putamen subregions for healthy controls 
and patients with Parkinson’s disease. Mean beta values (+/- standard error of mean) of single task performance in 
dorso-posterior, ventro-posterior, dorso-anterior, and ventro-anterior putamen . *P < .05.
Task-switching: Parkinson patients showed significantly larger switch-related activity 
during the dual task vs. the single task condition, as compared to controls, in the right 
ventro-posterior putamen (Figure 5A and 5B, ROI analysis in the bilateral putamen, 
GROUP*CONTEXT*TASK-ORDER; MNI [34,-14,-6], T = 4.2, P = .039 FWE corrected, BOLD 
time course shown in supplementary Figure 5a). Post-hoc analyses revealed these effects 
were not lateralized. When focusing only on the dual task condition, patients showed higher 
switch-related activity than healthy controls in the bilateral ventro-posterior putamen 
(GROUP*TASK-ORDER interaction; MNI [34,-12,-6], T = 4.3, P = .029; MNI [-30,-4,-4], T = 4.2, 
P = .037 FWE corrected). According to a large striatal topography study based on resting-
state functional connectivity, the voxels in right ventro-posterior putamen were part of the 
fronto-parietal network (with confidence values of 0.63 and 0.58 (Choi, Yeo, & Buckner, 
2012)). ROI (putamen) or whole brain analyses did not reveal additional brain regions 
showing differential task-related activity between groups. Activity in the region showing the 
3-way interaction did not correlate with error rates in Parkinson patients (r = -.20, P = .41) or 
in healthy controls (r = .15, P = .46). 
 Ankle movements: Parkinson patients showed higher dual task-related activity in the 
left ventro-posterior putamen than healthy controls, reflected in reduced deactivation in the 
dual task context (Figure 5A and 5B, ROI analysis in the bilateral putamen, GROUP*CONTEXT; 
MNI [-30,-12,-8], T = 4.5, P = .017 FWE corrected, BOLD time course shown in supplementary 
Figure 5b). Post-hoc analyses revealed these effects were not lateralized. The voxel showing 
this effect was, like the voxels showing cognitive task effects, part of the fronto-parietal 
network (with a confidence value of 0.96 (Choi et al., 2012)). In healthy controls, dual motor-
related activity in the ventro-posterior putamen was associated with detrimental
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task performance (Figure 5C, positive correlation with movement frequency error; r = .44, 
P = .03). This association was not significant in Parkinson patients. ROI (putamen) or whole 
brain analyses did not reveal other areas with differential dual-task related activity between 
groups. Taken together, these findings show that Parkinson patients had increased activity 
in the ventro-posterior putamen compared to controls, both for the motor and the cognitive 
task, but in both tasks specific to the dual task context. Deactivations during the motor task 
were not an artefact of global signal regression (see supplementary Figure 6 for analyses 
without global signal regression). In fact, the limited sampling of a baseline signal (linked to 
the need to keep the length of the task within feasible limits) prevents us from making clear 
inference on the characteristics of this effect. In controls, the magnitude of activity in the 
ventro-posterior putamen predicted worse dual task performance.
Discussion
We investigated the neural mechanisms underlying impaired dual tasking in Parkinson’s 
disease. To this end, we compared brain activity during a single motor task (ankle 
movements), a single cognitive task (task switching), and dual performance of both tasks 
in parallel, between Parkinson patients and healthy controls. There are three main findings. 
First, Parkinson patients made more behavioral errors during dual tasking, both for the 
cognitive task (increased switch cost) and for the motor task (increased movement frequency 
error). Second, both patients and controls showed regionally specific task-related activity in 
the striatum, such that the ventro-anterior putamen was preferentially involved in task-
switching, while the dorso-posterior putamen was preferentially involved in executing ankle 
movements. Third, compared to controls, Parkinson patients showed increased cerebral 
activity in the ventro-posterior putamen during dual tasking, both for the cognitive task 
(increased switch-related activity) and for the motor task (smaller deactivation). In controls, 
activity in the ventro-posterior putamen was associated with increased motor costs during 
dual task performance. Taken together, these findings suggest that increased activity in the 
ventro-posterior putamen is associated with dual tasking deficits in Parkinson’s disease. 
Below, we elaborate on possible neural mechanisms underlying these findings. 
Loss of segregation in Parkinson’s disease
We aimed to distinguish between two circuit-level accounts underlying dual tasking 
difficulties in Parkinson’s disease: a loss of segregation or a neural bottleneck in the striatum. 
The loss of segregation hypothesis would predict that dual-task performance leads to more 
widespread task-related striatal activity, including areas that are not beneficial for task 
performance. Conversely, the neural bottleneck hypothesis would predict a posterior to 
anterior shift in motor task-related activity in the striatum, and an overlap between motor- 
and task switch-related activity in the anterior putamen. 
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 The current findings appear to fit with the loss of segregation hypothesis. As 
predicted by this hypothesis, we found more widespread striatal activity during dual 
tasking in Parkinson patients than controls, namely in the ventro-posterior putamen. This 
activity likely reflects an overspill of activity from neighboring striatal regions, i.e. the 
dorso-posterior putamen involved in the motor task and the ventro-anterior putamen 
involved in the cognitive task. Our data support this view: dorso-posterior putamen was 
preferentially involved in the motor task during both single and dual task conditions, and 
ventro-anterior putamen was preferentially involved in the cognitive task during single task 
conditions. The lack of significant ventro-anterior putamen activity during cognitive task 
performance in a dual task context may be due to reduced sensitivity (fewer correct trials). 
Furthermore, activity in the ventro-posterior putamen did not appear to be beneficial 
for dual task performance: Parkinson patients made more dual task errors than controls, 
and healthy controls with relatively high dual task-related activity in the ventro-posterior 
putamen made more errors than healthy controls with relatively low activity in the ventro-
posterior putamen. These observations add an important qualification to the notion of loss 
of segregation in the striatum of Parkinson patients. Namely, striatal activity extended to the 
ventro-posterior putamen only in the presence of dual task demands. This suggests that the 
loss of segregation within the striatum is not a structural property of the Parkinson’s brain. 
Rather, it may arise when functional demands exceed the residual computational abilities of 
motor and cognitive portions of the striatum. The current findings do not support the neural 
bottleneck hypothesis. We did not find reduced dorso-posterior activity during motor task 
performance in Parkinson’s disease and, consequently, no shift of this activity towards more 
anterior putamen. 
 Studies using animal models of Parkinson’s disease point to neuronal mechanisms 
underlying the loss of segregated cortico-striatal processing. For instance, striatal dopamine 
depletion leads to increased lateral connections between medium spiny neurons and 
axonal sprouting of dopaminergic terminals into the denervated striatal parts (Bronfeld 
& Bar-Gad, 2011; Brotchie & Fitzer-Attas, 2009; Galvan, Devergnas, & Wichmann, 2015; 
Gittis & Kreitzer, 2012; Greenbaum et al., 2013; Schmitz et al., 2013; Zeng et al., 2012). 
This may bring about more widespread distribution of dopamine over the striatum (Stanic 
et al., 2003). Accordingly, a PET study found that transcranial magnetic stimulation of the 
motor cortex in patients with early Parkinson’s disease caused dopamine release in a larger 
area of the putamen in the symptomatic hemisphere than in the asymptomatic hemisphere 
(Strafella, Ko, Grant, Fraraccio, & Monchi, 2005). In Parkinson’s disease, the ventro-posterior 
putamen is relatively spared from dopamine depletion (Oh et al., 2012). Thus, it is tempting 
to speculate that the dual task context triggered, in Parkinson patients, a recruitment of all 
dopaminergic projections fibers available to the striatal territories involved in the task, thereby 
incidentally increasing dopaminergic activity in neighboring striatal areas not necessary for 
the task (i.e. the ventro-posterior putamen). Support for this idea comes from animal model 
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studies showing that the loss of segregation within the striatum (experimentally induced by 
acute dopamine depletion) was most pronounced for more complex tasks (Lemaire et al., 
2012). This suggests that the functional blurring between different cortico-striatal circuits 
in Parkinson’s disease is not only driven by structural striatal abnormalities, but depends on 
the computational demands and temporal constraints of the tasks being performed. 
Could the increased ventro-posterior putamen activity be compensatory?
It might be argued that the increased ventro-posterior putamen activity in Parkinson 
patients reflects compensation. For instance, based on its functional connectivity, the 
ventro-posterior putamen is part of the fronto-parietal network (Choi et al., 2012), i.e. a 
network important for initiation and modulation of cognitive control (Li et al., 2015) and 
for internal guidance of attention (Katsuki & Constantinidis, 2014). Those functions are 
crucial elements for dual task performance. Increased activity of this network during 
various cognitive tasks has been taken as compensation for age-related processing deficits 
(Li et al., 2015), and was found during dual tasking in Parkinson patients (Wu & Hallett, 
2008). Accordingly, ventro-posterior putamen hyperactivity in Parkinson’s disease during 
working memory tasks was interpreted as compensatory (Passamonti et al., 2013; Poston 
et al., 2016). On the other hand, given that Parkinson patients showed behavioral dual task 
impairments, compensation was either not present or ineffective. Thus, it is more likely 
that the increased ventro-posterior putamen activity observed in Parkinson’s patients is 
dysfunctional (Price & Friston, 1999). Furthermore, in controls, higher ventro-posterior 
putamen activity was correlated with worse performance, suggesting a detrimental instead 
of compensatory role of this region. Finally, our patients generally were in advanced stages 
of the disease, as reflected in relatively long disease duration and the presence of postural 
instability (Maetzler, Nieuwhof, Hasmann, & Bloem, 2013). In advanced stages of the disease, 
compensation is less likely to occur than in earlier stages of the disease and, if present, likely 
takes place outside the basal ganglia (Bezard, Gross, & Brotchie, 2003; Jankovic, 2005; Lo, 
2010; Wu & Hallett, 2013). Therefore, it appears unlikely that the increased ventro-posterior 
putamen activity reflects compensation.
Interpretational issues
A limitation of the current study is that, with a correlational technique such as fMRI, no 
definite conclusions can be drawn as to whether cerebral activity is causally related to 
task performance and should thus be interpreted as dysfunctional or compensatory. 
Therefore, interventional studies are needed that interfere with activity in an area, for 
example with transcranial magnetic stimulation, and test for the behavioral consequences 
of this intervention (van Nuenen et al., 2012). This has never been done to establish the 
involvement of areas in the fronto-striatal circuitry during dual tasking in Parkinson’s 
disease, which remains a topic for future research. 
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 A second interpretational issue is the use of auditory cues during ankle 
movements. This was purposely done to quantify behavioral performance (expressed as the 
motor frequency error), and also because it prevented patients from stopping to generate 
ankle movements during the dual task (which would have interfered with our paradigm). 
Externally cued movements mostly rely on cerebellar-thalamic-ventral premotor loops, 
while internally guided movements rely more on cortico-basal ganglia-thalamic loops 
(Hackney, Lee, Battisto, Crosson, & McGregor, 2015; Toyomura, Shibata, & Kuriki, 2012). 
Thus, external cueing may have limited our ability to detect striatal dysfunction. However, 
this scenario does not fit our data: Parkinson patients showed significant motor-related 
activity in the dorso-posterior putamen, and did not have increased motor-related activity 
in regions outside the basal ganglia (e.g. in the cerebellum). 
 Third, by including older patients (age > 60 years) with a history of (near) falls, we 
aimed to homogenize our sample and specifically target Parkinson patients with dual task 
deficits (which is a common cause for falls). For example, young-onset Parkinson patients 
have a clinical phenotype that is distinct from other subtypes (Lewis et al., 2005), and other 
Parkinson subgroups likely also have different patterns of cerebral dysfunction. While this 
approach might have increased the sensitivity of the study, the current findings cannot be 
generalized to the entire Parkinson population. On the other hand, our findings are relevant 
for a large proportion of Parkinson patients: dual task deficits and falls are common among 
Parkinson patients, with 60 to 80% of the patients experiencing at least one fall per year 
(Kelly et al., 2012; Tinetti, Speechley, & Ginter, 1988; Wood, Bilclough, Bowron, & Walker, 
2002) and most falls occurring during walking (Kelly et al., 2012; Mackenzie, Byles, & D'Este, 
2006; Sartini et al., 2010). 
 Fourth, as in many scientific studies performed in Parkinson patients, our sample 
contained more men than women. This is only partly explained by the lower incidence of 
Parkinson in women (Haaxma et al., 2007). By including gender as a covariate in all analyses, 
and by having a control group with a similar proportion of women, we ruled out that 
our findings are driven by gender. However, the findings in this selected group of largely 
male patients cannot be extended automatically to the entire population of people with 
Parkinson’s disease. Future studies should further investigate whether dual task deficits 
differ between men and women.
 Fifth, our study was designed to test for altered cerebral activity in the striatum, 
and exploratory analyses did not reveal any group differences in the cortex. Given previous 
findings of altered cortical fMRI responses during executive control tasks (Gerrits et al., 2015; 
Nagano-Saito et al., 2014; Trujillo et al., 2015), we cannot exclude that these mechanisms 
may play an additional role in dual task impairments. 
 Finally, both patients and controls were measured on two different scanners, 
which may have led to increased variability. However, sequences used on both scanners 
were comparable, healthy controls and Parkinson patients were similarly divided over 
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scanners, and control analyses verified that the findings are not driven by between-scanners 
differences. 
Conclusions
The data show that dual tasking deficits in Parkinson’s disease are associated with increased 
activity in the ventro-posterior putamen. This increased striatal activity reflects activity 
extending from task-related striatal areas into a region not involved in performing the 
individual constituent tasks. These striatal changes are driven by the dual task demands. 
Given the dopaminergic alterations of Parkinson’s patients, this finding likely represents a 
dopamine-dependent loss of segregation between different cortico-striatal loops within the 
striatum. Loss of segregation within the striatum may cause a functional blurring between 
loops that normally process information in parallel, leading to dual task impairments. Future 
intervention studies may test whether increasing striatal segregation during dual tasking 
improves performance in Parkinson patients. 
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Supplementary fi gures
Supplementary fi gure 1. Task switch related brain acti vity for controls and Parkinson pati ents 
Averaged over single and dual task conditi ons, thresholded at p = .005 for display purposes. Positi ve T-values 
(yellow-red) reﬂ ect task switch > task repeat and negati ve T-values (cyan-blue) reﬂ ect task repeat > task switch. 
Values represent z-axis MNI coordinates. Plott ed using the bspmview toolbox (Spunt, 2016). 
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Supplementary fi gure 2. Ankle movement related brain acti vity for controls and Parkinson pati ents 
Averaged over single and dual task conditi ons, thresholded at p = .005 for display purposes. Positi ve T-values (yellow-
red) reﬂ ect ankle movement > baseline and negati ve T-values (cyan-blue) reﬂ ect ankle movement < baseline. Values 
represent z-axis MNI coordinates. Plott ed using the bspmview toolbox (Spunt, 2016). 
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Supplementary fi gure 3. Diff erences between controls and Parkinson pati ents in ankle movement and task 
switch related brain acti vity. 
Positi ve T-values (yellow-red) reﬂ ect control > Parkinson and negati ve T-values (cyan-blue) reﬂ ect Parkinson > 
control. Whole brain analysis revealed no signifi cant diff erences in ankle movement or task switched related acti vity 
between groups. Averaged over single and dual task conditi ons, thresholded at p = .005 for display purposes. Values 
represent z-axis MNI coordinates. Plott ed using the bspmview toolbox (Spunt, 2016).
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5Supplementary fi gure 4. Event related BOLD ti me courses in putamen subregions 
(A) Task-switch related acti vity (switch>repeat) in ventro-anterior putamen. (B) Ankle movement related acti vity 
in dorso-posterior putamen Time courses for single task performance, averaged over all voxels in the regions 
of interest are displayed. Time courses were adjusted for block and nuisance eff ects and rescaled to 0 at onset 
(sti mulus onset at 0s). Error bars indicate standard error of the mean. One Parkinson pati ents was classifi ed as 
an outlier (>3 standard deviati ons from group mean) and removed from the task-switch ti me course. The rfxplot 
toolbox was used to extract regional ti me courses (Glascher, 2009). 
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Supplementary fi gure 5. Event related BOLD ti me courses in voxels showing diff erenti al dual task related 
acti vity between controls and Parkinson pati ents
(A) Ankle movement related acti vity in left  ventro-posterior putamen (B) Task-switch related acti vity (switch>repeat) 
in right ventro-posterior putamen. Time courses for dual task performance are displayed. Time courses were 
adjusted for block and nuisnce eff ects and rescaled to 0 at onset (sti mulus onset at 0s). Error bars indicate standard 
error of the mean. The rfxplot toolbox was used to extract ti me courses (Glascher, 2009) . 
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Supplementary fi gure 6. Beta values in ventro-posterior putamen aft er analysis without subject specifi c global 
signal regressor, for ankle movement and task switching, single and dual task. 
Voxels with signifi cant GROUP (healthy control vs. Parkinson)*CONTEXT (single task vs. dual task) interacti on are 
displayed. P-values are from volume of interest analysis on bilateral putamen, peak level and FWE corrected. The 
same analysis with global signal regressor is provided in fi gure 5 of the main paper. 
Nieuwhof F, Reelick MF, Bloem BR, Olde Rikkert MGM, Claassen JAHR. Effects of virtual reality gait 
training (V-TIME study intervention) on prefrontal cortical activity during complex walking in older 
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Abstract
In older adults, impaired ability to navigate through complex environments or to walk 
while performing a secondary task often leads to falls. Such complex walking places a high 
demand on cognitive control, suggesting that neural mechanisms associated with complex 
walking involve the prefrontal cortex. Here, we first investigated whether prefrontal cortical 
activity during complex walking is altered in older adults with a history of falls. Second, we 
investigated whether behavioral improvements after gait training with or without virtual 
reality were associated with altered prefrontal cortical activity. 
 Older adults with a history of falls (N=58) and healthy controls (N=49) performed 
three tasks: usual walking; dual task walking; and obstacle negotiation. Prefrontal 
concentrations of oxygenated hemoglobin (O2Hb) were measured using functional near 
infrared spectroscopy. We also measured gait performance. The elderly fallers were assessed 
before and after randomization to treadmill training with or without virtual reality.
 Elderly fallers generally walked slower with a shorter stride length, and showed 
higher dual task and obstacle negotiation costs compared to controls. Prefrontal O2Hb 
concentrations during complex walking did not differ between groups, with both fallers and 
controls showing gradual increases from usual walking to obstacle negotiation to dual task 
walking. Treadmill training with and without virtual reality led to similar improvements: 
increased gait speed and stride length during usual and dual task walking. Both interventions 
resulted in reduced O2Hb concentrations during obstacle negotiation, while during usual 
walking, concentrations increased after treadmill training with virtual reality, but decreased 
after treadmill training without virtual reality. No correlations between behavioral 
improvement and O2Hb concentrations were found. 
 These results show that the prefrontal cortex is involved in complex walking, but 
not differentially in elderly fallers versus healthy older adults. Also, behavioral training 
effects do not correlate with alterations in prefrontal cortical functioning. This suggests 
that prefrontal cortical function may not necessarily determine complex walking ability and 
may not be a target for successful training. Future studies should verify these findings and 
consider alternative mechanisms as targets for interventions. 
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Introduction
Safe ambulation depends on the ability to cope with challenging situations during walking 
(Shumway-Cook et al., 2002; Shumway-Cook et al., 2003), such as navigating complex 
environments or carrying out another task while walking (i.e. dual task walking). Older adults 
show impaired ability to negotiate obstacles (Guadagnin, da Rocha, Duysens, & Carpes, 
2016; Kovacs, 2005) and to maintain stable gait during dual task walking (Mortaza, Abu 
Osman, & Mehdikhani, 2014; Smith, Cusack, & Blake, 2016). This leads to increased fall risk 
and reduced independency (Eeles & Low Choy, 2015; Menant, Schoene, Sarofim, & Lord, 
2014; Muir-Hunter & Wittwer, 2016). Adequate treatment to improve obstacle negotiation 
and dual task walking can either be targeted at the mechanisms causing the disabilities, or 
stimulate compensatory mechanisms (Maetzler, Nieuwhof, Hasmann, & Bloem, 2013). 
 To further understand such mechanisms, the association between gait and 
cognition, especially executive function and attention, has been be acknowledged (Amboni, 
Barone, & Hausdorff, 2013; Cohen, Verghese, & Zwerling, 2016; Morris, Lord, Bunce, Burn, & 
Rochester, 2016). Obstacle negotiation and dual task walking demand attention and a set of 
executive functions, such as motor planning, goal-directed action, coordination of complex 
locomotion and the allocation of attentional resources (Chapman & Hollands, 2007; Cohen 
et al., 2016; Hausdorff, Schweiger, Herman, Yogev-Seligmann, & Giladi, 2008; Kovacs, 2005). 
These functions rely on the prefrontal cortex (Koechlin, Ody, & Kouneiher, 2003; Morris et 
al., 2016), which plays a crucial role during complex walking situations (Maidan et al., 2016). 
 Activity of the prefrontal cortex mediates normal walking as well as more 
cognitively demanding locomotion such as dual task walking and obstacle negotiation. This 
translates into increased prefrontal cortical activity during such complex walking when 
compared to usual walking (Clark, Christou, Ring, Williamson, & Doty, 2014; Holtzer et al., 
2015; Koenraadt, Roelofsen, Duysens, & Keijsers, 2014; Lu, Liu, Yang, Wu, & Wang, 2015; 
Maidan et al., 2016; Meester, Al-Yahya, Dawes, Martin-Fagg, & Pinon, 2014; Mirelman et 
al., 2014). Such increase in activity is higher in young compared to older adults (Holtzer, 
Epstein, Mahoney, Izzetoglu, & Blumen, 2014), and the level of prefrontal cortical activity 
has been related to both cognitive and gait performance during complex walking (Holtzer 
et al., 2015; Maidan et al., 2016). Interestingly, facilitating prefrontal cortical activity with 
transcranial direct current stimulation did reduce the detrimental effect of dual tasking on 
gait performance and postural sway in older adults (Manor et al., 2016; Wrightson, Twomey, 
Ross, & Smeeton, 2015; Zhou et al., 2015). Taken together these studies suggest involvement 
of the prefrontal cortex in complex gait in older adults, and moreover suggest that training 
effects on complex walking may be mediated by alterations in prefrontal cortical activity. 
 Interventions that simultaneously focus on motor and cognitive aspects of gait are 
recommended for improving the ability of walking in complex situations and amelioration 
of fall risk (Panel on Prevention of Falls in Older Persons & British Geriatrics, 2011; Varma et 
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al., 2016). Such interventions could improve gait under single and dual task conditions and 
reduce fall risk in older adults (Eggenberger, Theill, Holenstein, Schumacher, & de Bruin, 
2015; Mirelman et al., 2016; Skjaeret et al., 2016; Wang et al., 2015). Interestingly, older 
adults who trained for eight weeks with an interactive video dancing game, which provided 
simultaneous cognitive-motor training, showed reduced prefrontal cortical activity during 
treadmill walking at preferred and fast pace (Eggenberger, Wolf, Schumann, & de Bruin, 
2016). Such reduced reliance on prefrontal resources during usual walking might enable 
higher activity increases during more complex walking, thereby enhancing performance. 
Although this provides a potential mechanism to explain training effects on complex walking 
abilities, training induced changes in prefrontal cortical activity during actual complex 
walking have never been investigated. 
 Recently, we showed that treadmill training with virtual reality, which allows for 
combined motor-cognitive training, reduced fall rates in a large heterogeneous group of 
older adults (Mirelman et al., 2016). Here, we aimed to investigate potential mechanisms 
underlying these effects. We focused on the prefrontal cortex given its presumed role in 
complex walking impairments. More specifically, we first tested whether older adults with 
a history of falls differ from elderly non-fallers in prefrontal activity during complex walking. 
Second, we investigated the effects of treadmill training with and without virtual reality, 
providing general and complex (motor-cognitive) gait training respectively, on prefrontal 
cortical activity during complex walking. 
Methods
Participants
This study was part of the V-TIME project (Mirelman et al., 2016; Mirelman et al., 2013). 
We included 58 older adults with a history of falls and 49 healthy older adult controls that 
completed assessments needed for this study. General inclusion criteria were an age of 60 
years or older, able to walk at least 5 minutes unassisted, and stable medications for the past 
month. Older adults were classified as fallers if they experienced 2 or more falls within 6 
months prior to start of the study, with a fall being defined as “an unexpected event in which 
the participant comes to rest on the ground, floor or lower level”, which is consistent with the 
recommendations of the Prevention of Falls Network Europe (ProFaNE). Control participants 
were included if they did not meet this fall criterion and reported no self-reported walking 
difficulties. General exclusion criteria were: psychiatric comorbidity (e.g., major depressive 
disorder as determined by DSM-IV criteria), clinical diagnosis of dementia (McKhann et 
al., 2011), a history of clinical stroke, clinically significant traumatic brain injury or other 
neurological disorder that could affect their performance, any orthopedic problems that 
may affect their gait and unstable medical condition, including cardiovascular instability. All 
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participants gave their written informed consent prior to starting the study. The study was 
performed at the Tel Aviv Medical Center and Radboud university medical center (Nijmegen, 
the Netherlands) according to the principles of the declaration of Helsinki. Local ethical 
committees approved the study. 
Experimental procedures
All participants were assessed on general characteristics and gait performance and frontal 
activity during complex walking tasks. General characteristics that were assessed were 
age, gender and Mini Mental State Examination for global cognitive functioning (Folstein, 
Folstein, & McHugh, 1975), number of falls in the previous 6 months and Falls Efficacy Scale 
International for fear of falling (Yardley et al., 2005). To assess training effects on cognitive 
functioning in elderly fallers, a computerized neuropsychological test battery was used to 
generate index scores of global cognitive functioning, executive function and attention 
(Mindstreams, NeuroTrax Corp., Israel) (Doniger et al., 2006).
 Gait and frontal activity were assessed during 3 walking tasks while instrumented 
with the Functional Near Infrared Spectroscopy (fNIRS) device: (a) usual walking, (b) walking 
while serially subtracting 3’s (dual task), and (c) walking while negotiating obstacles with 
a size of 30 cm width × 20 cm depth × 10 cm height. Each task was performed 5 times, 
in the order mentioned above. Each of these trials started with 20 seconds of standing 
quietly, with the instruction to refrain from talking and moving the head. After these 20 
seconds, the instruction “start” or “start with [number]” (for serial three subtraction) was 
given. Participants walked for 30 seconds, after which they were instructed to stop and 
stand quietly for another 20 seconds. Rest periods were given between trials based on the 
participant’s needs. Before starting each trial, the participant stood for at least 1 minute to 
minimize blood pressure fluctuations after standing up. 
 After baseline assessments, elderly fallers were randomly assigned to either 
treadmill training with virtual reality (VR, N=36) or treadmill training without virtual 
reality (N=22). Gait performance and frontal activity during the three walking tasks were 
re-assessed after training was completed. All assessments were conducted by an assessor 
blinded to participant allocation. 
Interventions
Details of treadmill training with and without VR were provided previously (Mirelman et al., 
2016; Mirelman et al., 2013). In both training paradigms (with and without VR) participants 
trained 3 times a week for 6 weeks, each sessions lasting approximately 45 minutes (Mirelman 
et al., 2013). Training was personalized and provided one-on-one by a skilled trainer. 
 During treadmill training with VR, participants walked on the treadmill, while being 
presented with a virtual reality environment displayed on a television screen in front of 
the treadmill. This virtual environment included obstacles, pathways and distracters and 
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demanded modulation of gait for successful negotiation. This imposed a cognitive load 
including attention, response selection and processing of rich auditory and visual stimuli. 
Treadmill training with VR thus specifically targeted complex walking.
 Treadmill training without VR was, except for the absence of a virtual environment, 
comparable to treadmill training with VR. Treadmill training without VR thus included 
general gait training, without specifically targeting complex walking. 
Functional Near Infrared Spectroscopy (fNIRS)
Concentrations changes in oxygenated and deoxygenated hemoglobin (O2Hb and HHB 
respectively) in bilateral prefrontal cortices were measured with the PortaLite fNIRS system 
(Artinis Medical Systems, Elst, the Netherlands). Data acquisition and processing was 
identical to previously described methods (Maidan et al., 2016). 
 In summary, two probes were positioned on the right and left forehead of the 
participants, roughly targeting left and right Brodmann’s areas 10, the dorsolateral and 
anterior prefrontal cortex (Maidan et al., 2015; Okamoto et al., 2004). Oxysoft version 3.0.52 
(Artinis Medical Systems, Elst, the Netherlands) was used for data collection.
 The concentrations of O2Hb and HHb were exported to MATLAB (MATLAB and 
Statistics Toolbox Release 2012b, The MathWorks, Inc, Natick, MA) for further data 
processing. A band pass filter with frequencies of 0.01 to 0.14 Hz was used to reduce 
physiological noise such as heart beat and drift of the signal. To remove motion artifacts, a 
wavelet filter was used (Brigadoi et al., 2014; Cooper et al., 2012), followed by correlation 
based signal improvement (Brigadoi et al., 2014; Cooper et al., 2012; Cui, Bray, & Reiss, 2010). 
O2Hb concentration signals from the three channels for each probe were then averaged 
for each trial, resulting in an O2Hb signal for the left and right prefrontal cortex. For each 
trial, the average concentration of O2Hb during task performance, and during the 5 seconds 
before the task (referred to as the baseline) were calculated. Consistent with previous fNIRS 
studies, each baseline concentration was subtracted from the average concentration during 
task performance to evaluate the relative change in O2Hb concentration during specific 
tasks (Ferrari & Quaresima, 2012; Holtzer et al., 2011; Holtzer et al., 2016; Holtzer, Wang, 
& Verghese, 2014; Leff et al., 2011; Maidan et al., 2016; Mirelman et al., 2014). All trials 
were averaged per task, resulting in two O2Hb concentrations for each task (left and right 
prefrontal cortex). Since no left-right differences were present (baseline paired sample 
t-test within groups; all P-values >.05), we averaged left and right prefrontal cortical O2Hb 
concentrations for further analyses.
Behavioral performance 
Gait performance during the 3 walking tasks was measured using electronic walkways 
with pressure sensors embedded in a carpet. The walkways were connected to a personal 
computer using PKMAS software (ProtoKinetics, Havertown, PA) for processing and data 
The prefrontal cortex during walking in older adults with a history of falls 
143
6
storing. In order to characterize the performance of usual and dual task walking, gait speed 
and stride length were analyzed and presented. During obstacle negotiation, only gait speed 
was analyzed, since stride length was heavily determined by obstacle negotiation. Serial 
subtraction performance was measured by calculating the percent of correct responses 
from the total responses. 
 To quantify the cost of performing 2 tasks simultaneously (walking while serially 
subtracting or walking while negotiating obstacles), we calculated the dual task and obstacle 
negotiation cost with gait speed or stride length. We did this according to the formula [(dual 
or obstacle task − single task)/single task] × 100).
Statistical analysis
Statistical analyses were performed using IBM SPSS (Statistical Package for the Social 
Sciences) version 21. To determine whether elderly fallers performed worse than controls 
on the walking tasks, we used linear mixed models for all behavioral outcome measures. 
Differences in concentrations of O2Hb in the prefrontal cortex between elderly fallers and 
controls and between the walking tasks were analyzed with a linear mixed model as well. We 
included the factors group (control vs. elderly faller), task (usual walking, dual task walking, 
obstacle negotiation) and gender, with age as covariate. To test whether the pattern of 
prefrontal cortical activity over tasks differed between controls and elderly fallers, we also 
included the group*task interaction. For O2Hb analysis, random intercepts were included 
since this improved model estimations. 
 Within the group of elderly fallers, we also used linear mixed models to analyze 
training effects. For training effects on behavioral performance during the walking tasks, 
the factors time (pre vs. post training), training arm (treadmill training with vs. without VR) 
and gender were included, with age, baseline executive functioning score and baseline dual 
task cost on gait speed as covariates. To analyze potential differences in effects between 
the two training arms, we included the time*training arm interaction. Training effects on 
O2Hb concentrations were analyzed with the factors time, task, training arm and gender, 
with age, baseline executive functioning score and baseline dual task cost on gait speed as 
covariate. To test whether training effects on O2Hb concentrations differed between the 
training arms and tasks, we included the time*task*training arm interaction. For all training 
effect analyses, random intercepts were included since this improved model estimations. 
 Associations between behavioral performance and prefrontal cortical activity 
were analyzed using Pearson correlation coefficients between O2Hb concentrations and 
corresponding behavioral performance measures. For these correlations, P-values were 
multiplied by the number of correlations calculated to adjust for multiple comparisons and 
values were plotted to check for potential outliers that might drive spurious correlations. 
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For all models, the covariance matrix was set to variance components, and post-hoc P-values 
were Bonferroni corrected for multiple comparisons. Statistical significance of all tests was 
assumed when P<.05.
Results
Participant Characteristics
Table 1 shows characteristics of elderly fallers and elderly control participants. Elderly fallers 
were slightly older than controls (t
(105) 
= 3.6, P = .001) and had more fear of falling (higher 
FES-I scores; t(84) = 8.4, P < .001). Also, the group of elderly fallers included fewer male 
participants than the control group (26.6 vs. 55.1%, χ
(1) 
= 8.4, P = .004). No baseline differences 
in gender, age, FES-I or MMSE score were seen between elderly fallers randomized to 
treadmill training with or without VR.
Table 1. Characteristics of elderly fallers and healthy control participants
Elderly fallers 
(N=58)
Healthy controls 
(N=49)
Age (years) 74.3 ± 6.1 70.3 ± 5.4
Gender (male) 16 27
MMSE 27.8 ± 2.0 28.8 ± 1.1
Number of falls in previous 6 months
2 falls 25 -
3 or 4 falls 23 -
5 or 6 falls 6 -
7 or more falls 4 -
FES-I* 28.8 ± 7.2 17.4 ± 1.8
Values are mean ± standard deviation or frequency. MMSE = Mini Mental State Examination (possible range 0-30, 
higher scores indicating better global cognitive functioning), FES-I = Falls Efficacy Scale – International (possible 
range 16-64, higher score indicating more fear of falling).*Not available for 20 healthy controls from TASMC
Elderly fallers vs. controls
Behavioral performance
Table 2 shows the behavioral performance during usual walking, dual task walking and 
obstacle negotiation for both elderly fallers and controls. Elderly fallers had lower gait speed 
during all three walking tasks, and shorter stride length during usual walking and dual task 
walking (corrected for age and gender differences between groups). The percentage of 
correct subtractions during the dual task was similar between elderly fallers and controls. 
Dual task cost and obstacle negotiation cost were higher in elderly fallers than in controls. 
The prefrontal cortex during walking in older adults with a history of falls 
145
6
Behavioral performance measures did not correlate with executive functioning or FES-I 
scores for any of the tasks or groups.
Table 2. Behavioral performance of both elderly fallers and healthy controls
Task Variable Elderly fallers 
(N=58)
Healthy controls 
(N=49)
Group difference 
P-value
Usual walking Gait speed (cm/s) 103.2 ± 3.1 118.1 ± 2.3 .002
Stride length (cm) 115.3 ± 2.4 130.5 ± 1.9 .001
Dual task walk Gait speed (cm/s) 93.0 ± 3.3 114.0 ± 2.7 < .001
Stride length (cm) 110.0 ± 2.6 129.8 ± 1.9 < .001
Obstacle walk Gait speed (cm/s) 83.6 ± 2.9 109.4 ± 2.1 < .001
Subtraction dual task walk Percentage correct 93.4 ± 1.3 97.0 ± 0.7 .077
Dual task cost Gait speed (%) -10.3 ±s 1.4 -3.6 ± 1.1 .017
Stride length (%) -4.8 ± 0.9 -0.6 ± 0.6 .002
Obstacle negotiation cost Gait speed (%) -18.7 ± 1.5 -6.8 ± 1.4 < .001
Values are mean ± standard error
O2Hb concentrations
In overall multivariate analysis, O2Hb concentrations increased with task complexity (figure 
1, F
(2,213.3)
 = 27.9, P < .001). Concentrations were lowest during usual walking, increased 
during obstacle negotiation, and further increased during dual task walking. This did not 
differ between older fallers and controls (TASK*GROUP interaction, F
(2,213.3)
 = 1.1, P = .349). 
Although O2Hb concentrations appeared lower for all tasks in elderly fallers, this was non-
significant (F
(1,107.0)
 = 0.1, P = .738)). This apparent difference was explained by a confounding 
effect of gender (which differed between groups) on O2Hb concentrations (F(1,107.0) = 19.7, 
P < .001), for which we adjusted by adding gender as covariate. No correlations between 
O2Hb concentration and behavioral performance measures were found for any of the tasks 
or groups. 
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Figure 1. Mean (± standard error) prefrontal corti cal O2Hb concentrati ons during usual walking, dual task 
walking and obstacle negoti ati on for elderly fallers and healthy controls. 
Training eff ects within elderly fallers
Behavioral training eff ects
Table 3 shows the training eff ects of treadmill training with and without VR on task 
performance and cogniti ve functi oning in older fallers. At baseline, no diff erences between 
the two training arms on any of these outcome measures were found. Gait speed during 
usual walking (F
(1,51.9)
 = 7.2, P = .010) and dual task walking (F
(1,51.4)
 = 12.4, P = .001) increased 
aft er training, similarly for both training arms (no ti me*training arm interacti on). Gait speed 
during obstacle negoti ati on was similar before and aft er training (no eff ect of ti me). Similar 
results were found for stride length, which increased aft er training for both usual (F
(1,51.5)
 = 
18.1, P < .001) and dual task walking (F
(1,50.9)
 = 18.8, P < .001), without diff erence between 
training arms (no signifi cant ti me*training arm interacti on). None of the training arms 
improved subtracti on performance or reduced dual task cost or obstacle negoti ati on cost. 
 Concerning cogniti ve functi oning, training led to higher executi ve functi oning 
scores (F
(1,41.8)
 = 4.6, P = .037). This eff ect was similar between training arms (no signifi cant 
ti me*training arm interacti on). Training eff ects on global cogniti ve functi oning scores 
diff ered between training arms (ti me*training arm interacti on F
(1,44.7)
 = 6.6, P = .013). 
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Adjusted for covariates, treadmill training with VR increased global cognitive functioning 
scores (main effect of time, F
(1,27.7)
 = 11.1, P = .002), while treadmill training without VR did 
not F
(1,16.5)
 = 0.5, P = .507). No correlations between global cognitive or executive functioning 
score and behavioral performance measures were found in either group. Training did not 
alter attention or fear of falling. 
Table 3. Training effects of treadmill training with and without virtual reality on task performance, cognitive 
functioning and fear of falling in older adults with a history of falls.
Variable Treadmill training with VR 
(N=36)
Treadmill training 
(N=22)
Pre Post Pre Post
Task performance
Usual walking Gait speed (cm/s)+ 101.0 ± 6.3 108.9 ± 5.4 104.3 ± 3.5 109.5 ± 3.4
Stride length (cm)+ 113.3 ± 4.2 121.5 ± 3.6 116.4 ± 3.0 120.0 ± 2.9
Dual task walk Gait speed (cm/s)+ 89.9 ± 6.4 100.0 ± 5.7 94.6 ± 3.9 100.8 ± 3.6
Stride length (cm)+ 108.0 ± 4.4 118.2 ± 3.7 111.0 ± 3.3 115.9 ± 3.4
Obstacle walk Gait speed (cm/s) 83.8 ± 5.8 90.2 ± 5.3 83.5 ± 3.2 86.1 ± 3.7
Subtraction dual task walk Percentage correct 94.0 ± 1.2 91.9 ± 3.6 92.9 ± 2.0 95.5 ± 1.0
Dual task cost Gait speed (%) -11.9 ± 2.2 -10.5 ± 2.0 -9.5 ± 1.8 -8.1 ± 1.6
Stride length (%) -4.8 ± 1.3 -4.2 ± 0.8 -4.9 ± 1.1 -3.9 ± 1.3
Obstacle negotiation cost Gait speed (%) -17.0 ± 2.2 -17.6 ± 2.2 -19.5 ± 2.1 -22.0 ± 2.1
Cognitive functioning Global cognitive score# 95.9 ± 2.3 96.7 ± 3.0 99.7 ± 1.9 99.6 ± 2.5
Executive functioning+ 94.6 ± 2.7 96.5 ± 3.1 101.1 ± 2.0 102.5 ± 2.4
Attention 95.5 ± 2.6 96.0 ± 4.1 99.5 ± 1.9 98.5 ± 2.4
Fear of falling FES-I 28.9 ± 1.6 28.1 ± 1.9 28.8 ± 1.2 28.0 ± 1.5
Values are mean ± standard error, +significant improvement over both training arms (main effect time P<.05), 
#significant time*training arm interaction. VR = Virtual Reality, FES-I = Falls Efficacy Scale - international
Training effects on O2Hb concentrations
Figure 2 shows the O2Hb concentrations during usual walking, dual task walking and obstacle 
negotiation before and after treadmill training with and without VR. No baseline differences 
in O2Hb were found between the two training arms for any of the walking tasks. Overall, 
training reduced O2Hb concentrations (main effect of time, F(1,268.0) = 4.6, P = .033). This effect 
tended to differ between training arms and tasks (time*training arm*task interaction F
(7,264.9)
 
= 1.9, P = .059). When breaking down this 3 way interaction to the different tasks, treadmill 
training with VR tended to increase O2Hb concentrations during usual walking (F(1,35) = 3.5, P 
= .071), while treadmill training without VR did not (F
(1,18.3
) = 1.6, P = .228); time*training arm 
interaction, F
(1,53.9)
 = 4.4, P = .040). Neither training arm altered O2Hb concentrations during 
dual task walking. For obstacle negotiation, training generally reduced O2Hb concentrations 
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(F
(1,53.6)
 = 9.0, P = .004). Although mainly driven by reduced O2Hb concentrati on aft er treadmill 
training without VR (F
(1,17.8)
 = 14.5, P = .001 vs. F(1,35) = 2.4, P = .133 for treadmill training 
with VR), this eff ect did not diff er between training arms (ti me*training arm interacti on 
F
(1,53.6)
 = .964, P = .331). Change in O2Hb concentrati on aft er training did not correlate with 
changes in behavioral performance measures for any of the tasks or training arms. 
Figure 2. Mean (± standard error) prefrontal corti cal O2Hb concentrati ons during the diff erent tasks, pre- and 
post 6 weeks of either treadmill training with or without virtual reality (VR). 
Discussion
In this study, we investi gated whether gait training led to alterati ons in prefrontal corti cal 
acti vity, measured by fNIRS, during usual walking, dual task walking and obstacle negoti ati on 
in older adults with a history of falls. We fi rst tested whether elderly fallers showed altered 
prefrontal corti cal acti vity during these tasks by comparing them with controls. Second, we 
implemented two types of gait training only for the elderly fallers; conventi onal treadmill 
training and treadmill training with virtual reality, the latt er specifi cally targeti ng complex 
walking by off ering simultaneous cogniti ve-motor training (V-TIME - (Mirelman et al., 
2016)). There are four main results. First, prefrontal corti cal acti vity depended on task 
complexity, showing that the prefrontal cortex is involved in complex walking. Second, 
prefrontal corti cal acti vity was similar between elderly fallers and controls, despite impaired 
performance during all gait tasks and higher cost of dual tasking or obstacle negoti ati on on 
gait performance in elderly fallers. Third, virtual reality augmented and regular treadmill 
training led to similar improvements in usual walking and dual task walking, but neither 
training resulted in reduced cost of dual tasking and obstacle negoti ati on. Fourth, prefrontal 
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cortical activity during the walking tasks was altered after training, with differential effects of 
treadmill training with and without virtual reality on prefrontal activity during usual walking. 
Affected complex walking is not necessarily caused by altered prefrontal cortical 
functioning
The finding that elderly fallers performed worse than healthy controls, but had similar 
prefrontal cortical activity, argues against a role for impaired prefrontal cortical function to 
explain impaired dual tasking and obstacle negotiation abilities. This is further supported 
by the lack of correlation between behavioral performance measures and both prefrontal 
cortical activity and executive functioning, an important function of the prefrontal cortex 
(Koechlin et al., 2003; Morris et al., 2016). Likely, other mechanisms underlie the observed 
impaired dual tasking in our population. We considered fear of falling as a potential 
mechanism, however we found no correlation between fear of falling and dual task or 
obstacle negotiation, which refutes the notion that fear of falling might lead to deteriorated 
complex walking abilities. Alternatively, physical rather than cognitive limitations might have 
led to affected complex walking abilities in our group of elderly fallers. This is in line with 
the notion that, in elderly fallers, motor components contribute more strongly to falls than 
altered prefrontal cortical functioning (Mirelman et al., 2016).
 Although higher than in healthy controls, dual task and obstacle negotiation cost 
in elderly fallers was relatively small. A recent large meta-analysis study found a mean 
difference of 0.19 m/s in gait speed between dual task walking and usual walking for 
community dwelling older adults (Smith et al., 2016). In our study, this difference was 0.10 
m/s (95% Confidence interval (CI) 0.07 – 0.13) for elderly fallers and 0.04 m/s (95% CI 0.02 – 
0.07) for healthy controls. This suggests that our elderly fallers performed relative well, and 
the healthy controls even better. This is also reflected in the mean usual gait speed above 
1 m/s for the elderly fallers, below which an increased risk of falls and other health related 
outcomes exists (Callisaya et al., 2011; Cesari et al., 2005; Tiedemann, Shimada, Sherrington, 
Murray, & Lord, 2008). The lack of altered prefrontal cortical activity in our group of elderly 
fallers could thus reflect relatively intact complex walking abilities. Prefrontal cortical 
dysfunction may play a role in older adults with more severely affected complex walking 
abilities. 
 
Training effects not mediated by altered prefrontal cortical involvement
After training, performance on usual walking and dual task walking improved, similarly in both 
training arms. Also, we found improvements in cognitive functioning, especially executive 
functioning. These behavioral improvements did not correlate with changes in prefrontal 
cortical activity during the tasks. This is in contrast with findings of a recent study, which 
showed reduced prefrontal activity during treadmill walking at preferred pace after cognitive-
motor training, which correlated with improved executive functioning (Eggenberger et al., 
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2016). In that study, walking speed before and after training was identical. In our study, 
improved physical functioning might have led to improved performance, without altering 
prefrontal cortical activity. 
 Interestingly, we found no behavioral training effects on dual task or obstacle 
negotiation cost in the group of elderly fallers. Not even after treadmill training with virtual 
reality, which specifically targeted complex walking. This might have been caused by the 
relatively low dual task cost at baseline and therefore little room for improvement. Also, 
changes in prefrontal cortical activity did not correlate with changes in dual task and obstacle 
negotiation cost. Thus, although altering prefrontal cortical functioning has been suggested 
as a potential mechanism to improve complex walking abilities in older adults (Holtzer et 
al., 2015; Maidan et al., 2016), our results do not support this. Training led to improved 
performance, irrespective of prefrontal cortical activity changes. 
 However, we did show that prefrontal cortical activity during walking can be 
altered by training. Moreover, training effects might differ between treadmill training with 
and without virtual reality, as we showed for usual walking. These findings offer possibilities 
for targeted interventions in populations in which altered prefrontal cortical functioning 
does contribute to complex walking impairments, as we recently suggested for patients 
with Parkinson’s disease (Maidan et al., 2016). For such populations, targeting prefrontal 
functioning during walking might provide more efficient treatment. This is supported by our 
finding of superior benefit of treadmill training with, compared to treadmill training without 
virtual reality in fall prevention, which seemed specific for patients with Parkinson’s disease 
(Mirelman et al., 2016). Whether in such a population alterations in prefrontal activity offer 
a mechanism for behavioral training effects is an urgent topic for future studies. 
Interpretational issues
A limitation of this study is the selection of participants. In V-TIME, elderly fallers were 
selected based on a minimum of two falls in the six months prior to inclusion and expected 
benefit from gait training. Participants thus did not necessarily have affected ability to cope 
with challenging situations during walking. Future work is needed to confirm these findings 
in a sample of older adults with more severely affected complex walking abilities. Such a 
sample might be more appropriate to study neural mechanisms underlying complex walking. 
 Other limitations involve the use of fNIRS. With the two probes, we only measured 
activity in specific prefrontal areas. Consequently, we were unable to study the specificity of 
our findings to the targeted areas and cannot interpret our findings in the context of other 
brain regions or neural networks. For this end, future studies should use a more general 
approach, including multi-channel fNIRS systems. Given the relatively low spatial resolution 
of fNIRS, we were unable to investigate subregions of the prefrontal cortex in detail. We also 
did not control for superficial hemodynamics (Gagnon et al., 2012; Kirilina et al., 2012) or 
systemic changes like blood flow or heart rate (Scholkmann et al., 2014). Thus, we cannot 
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rule out the influence of these factors, which might have changed during task performance 
(Takahashi et al., 2011). However, these factors were likely similar between walking tasks, 
groups and pre and post training, and thus cannot explain our findings. 
 A final interpretational issue concerns the sensitivity of fNIRS to detect differences 
between groups and over time. The signal to noise ratio could have been too small to detect 
differences between elderly fallers and control participants or training effects on prefrontal 
cortical activity. However, similar or smaller sample sizes previously were sufficient to 
detect differences between Parkinson patients and healthy controls (Maidan et al., 2016), 
young adults and older adults (Holtzer et al., 2011), and training effects within older adults 
(Eggenberger et al., 2016). Also, signal to noise ratios were clearly sufficient to detect the 
expected increased prefrontal activity during more complex compared to usual walking 
(Clark et al., 2014; Holtzer et al., 2015; Koenraadt et al., 2014; Lu et al., 2015; Maidan et al., 
2016; Meester et al., 2014; Mirelman et al., 2014). Thus, if it would have been present, it is 
likely to assume our protocol would have shown differences in prefrontal activity during the 
walking tasks between groups. 
Conclusions
Our results suggest that the prefrontal cortex is involved in complex walking, but not 
differently between older adults with a history of falls and healthy older adults. Gait 
performance during complex walking can be improved, with either six weeks of general 
or specific complex walking treadmill training. Interestingly, behavioral training effects in 
general do not correlate with altered prefrontal cortical functioning, but prefrontal activity 
can be altered with training. In elderly fallers, mechanisms causing impairments in complex 
walking abilities might thus not involve prefrontal cortical functioning in all subjects, but 
still this might be the case in subgroups. Future studies should verify these findings and 
consider alternative (and heterogeneous) mechanisms as potential target for interventions 
to improve complex walking abilities in elderly fallers. 
Chapter 6
152
References
Amboni, M., Barone, P., & Hausdorff, J. M. (2013). Cognitive contributions to gait and falls: evidence 
and implications. Mov Disord, 28(11), 1520-1533. doi: 10.1002/mds.25674
Brigadoi, S., Ceccherini, L., Cutini, S., Scarpa, F., Scatturin, P., Selb, J., . . . Cooper, R. J. (2014). 
Motion artifacts in functional near-infrared spectroscopy: a comparison of motion correction 
techniques applied to real cognitive data. Neuroimage, 85 Pt 1, 181-191. doi: 10.1016/j.
neuroimage.2013.04.082
Callisaya, M. L., Blizzard, L., Schmidt, M. D., Martin, K. L., McGinley, J. L., Sanders, L. M., & Srikanth, V. 
K. (2011). Gait, gait variability and the risk of multiple incident falls in older people: a population-
based study. Age Ageing, 40(4), 481-487. doi: 10.1093/ageing/afr055
Cesari, M., Kritchevsky, S. B., Penninx, B. W., Nicklas, B. J., Simonsick, E. M., Newman, A. B., . . . 
Pahor, M. (2005). Prognostic value of usual gait speed in well-functioning older people--results 
from the Health, Aging and Body Composition Study. J Am Geriatr Soc, 53(10), 1675-1680. doi: 
10.1111/j.1532-5415.2005.53501.x
Chapman, G. J., & Hollands, M. A. (2007). Evidence that older adult fallers prioritise the planning of 
future stepping actions over the accurate execution of ongoing steps during complex locomotor 
tasks. Gait Posture, 26(1), 59-67. doi: 10.1016/j.gaitpost.2006.07.010
Clark, D. J., Christou, E. A., Ring, S. A., Williamson, J. B., & Doty, L. (2014). Enhanced Somatosensory 
Feedback Reduces Prefrontal Cortical Activity During Walking in Older Adults. Journals of 
Gerontology Series a-Biological Sciences and Medical Sciences, 69(11), 1422-1428. doi: 10.1093/
gerona/glu125
Cohen, J. A., Verghese, J., & Zwerling, J. L. (2016). Cognition and gait in older people. Maturitas. doi: 
10.1016/j.maturitas.2016.05.005
Cooper, R. J., Selb, J., Gagnon, L., Phillip, D., Schytz, H. W., Iversen, H. K., . . . Boas, D. A. (2012). A 
systematic comparison of motion artifact correction techniques for functional near-infrared 
spectroscopy. Front Neurosci, 6, 147. doi: 10.3389/fnins.2012.00147
Cui, X., Bray, S., & Reiss, A. L. (2010). Functional near infrared spectroscopy (NIRS) signal improvement 
based on negative correlation between oxygenated and deoxygenated hemoglobin dynamics. 
Neuroimage, 49(4), 3039-3046. doi: 10.1016/j.neuroimage.2009.11.050
Doniger, G. M., Dwolatzky, T., Zucker, D. M., Chertkow, H., Crystal, H., Schweiger, A., & Simon, E. S. (2006). 
Computerized cognitive testing battery identifies mild cognitive impairment and mild dementia 
even in the presence of depressive symptoms. Am J Alzheimers Dis Other Demen, 21(1), 28-36. 
Eeles, E., & Low Choy, N. (2015). Frailty and Mobility. Interdiscip Top Gerontol Geriatr, 41, 107-120. doi: 
10.1159/000381200
Eggenberger, P., Theill, N., Holenstein, S., Schumacher, V., & de Bruin, E. D. (2015). Multicomponent 
physical exercise with simultaneous cognitive training to enhance dual-task walking of older 
adults: a secondary analysis of a 6-month randomized controlled trial with 1-year follow-up. Clin 
Interv Aging, 10, 1711-1732. doi: 10.2147/CIA.S91997
The prefrontal cortex during walking in older adults with a history of falls 
153
6
Eggenberger, P., Wolf, M., Schumann, M., & de Bruin, E. D. (2016). Exergame and Balance Training 
Modulate Prefrontal Brain Activity during Walking and Enhance Executive Function in Older 
Adults. Front Aging Neurosci, 8, 66. doi: 10.3389/fnagi.2016.00066
Ferrari, M., & Quaresima, V. (2012). A brief review on the history of human functional near-infrared 
spectroscopy (fNIRS) development and fields of application. Neuroimage, 63(2), 921-935. doi: 
10.1016/j.neuroimage.2012.03.049
Folstein, M. F., Folstein, S. E., & McHugh, P. R. (1975). "Mini-mental state". A practical method for 
grading the cognitive state of patients for the clinician. J Psychiatr Res, 12(3), 189-198. 
Gagnon, L., Yucel, M. A., Dehaes, M., Cooper, R. J., Perdue, K. L., Selb, J., . . . Boas, D. A. (2012). 
Quantification of the cortical contribution to the NIRS signal over the motor cortex using 
concurrent NIRS-fMRI measurements. Neuroimage, 59(4), 3933-3940. doi: 10.1016/j.
neuroimage.2011.10.054
Guadagnin, E. C., da Rocha, E. S., Duysens, J., & Carpes, F. P. (2016). Does physical exercise improve 
obstacle negotiation in the elderly? A systematic review. Archives of Gerontology and Geriatrics, 
64, 138-145. doi: 10.1016/j.archger.2016.02.008
Hausdorff, J. M., Schweiger, A., Herman, T., Yogev-Seligmann, G., & Giladi, N. (2008). Dual-task 
decrements in gait: contributing factors among healthy older adults. J Gerontol A Biol Sci Med Sci, 
63(12), 1335-1343. 
Holtzer, R., Epstein, N., Mahoney, J. R., Izzetoglu, M., & Blumen, H. M. (2014). Neuroimaging of 
Mobility in Aging: A Targeted Review. Journals of Gerontology Series a-Biological Sciences and 
Medical Sciences, 69(11), 1375-1388. doi: 10.1093/gerona/glu052
Holtzer, R., Mahoney, J. R., Izzetoglu, M., Izzetoglu, K., Onaral, B., & Verghese, J. (2011). fNIRS study of 
walking and walking while talking in young and old individuals. J Gerontol A Biol Sci Med Sci, 66(8), 
879-887. doi: 10.1093/gerona/glr068
Holtzer, R., Mahoney, J. R., Izzetoglu, M., Wang, C., England, S., & Verghese, J. (2015). Online fronto-
cortical control of simple and attention-demanding locomotion in humans. Neuroimage, 112, 
152-159. doi: 10.1016/j.neuroimage.2015.03.002
Holtzer, R., Verghese, J., Allali, G., Izzetoglu, M., Wang, C., & Mahoney, J. R. (2016). Neurological Gait 
Abnormalities Moderate the Functional Brain Signature of the Posture First Hypothesis. Brain 
Topogr, 29(2), 334-343. doi: 10.1007/s10548-015-0465-z
Holtzer, R., Wang, C., & Verghese, J. (2014). Performance variance on walking while talking tasks: 
theory, findings, and clinical implications. Age (Dordr), 36(1), 373-381. doi: 10.1007/s11357-013-
9570-7
Kirilina, E., Jelzow, A., Heine, A., Niessing, M., Wabnitz, H., Bruhl, R., . . . Tachtsidis, I. (2012). The 
physiological origin of task-evoked systemic artefacts in functional near infrared spectroscopy. 
Neuroimage, 61(1), 70-81. doi: 10.1016/j.neuroimage.2012.02.074
Koechlin, E., Ody, C., & Kouneiher, F. (2003). The architecture of cognitive control in the human 
prefrontal cortex. Science, 302(5648), 1181-1185. doi: 10.1126/science.1088545
Chapter 6
154
Koenraadt, K. L. M., Roelofsen, E. G. J., Duysens, J., & Keijsers, N. L. W. (2014). Cortical control of 
normal gait and precision stepping: An fNIRS study. Neuroimage, 85, 415-422. doi: 10.1016/j.
neuroimage.2013.04.070
Kovacs, C. R. (2005). Age-related changes in gait and obstacle avoidance capabilities in older adults: A 
review. Journal of Applied Gerontology, 24(1), 21-34. doi: 10.1177/0733464804271279
Leff, D. R., Orihuela-Espina, F., Elwell, C. E., Athanasiou, T., Delpy, D. T., Darzi, A. W., & Yang, G. Z. 
(2011). Assessment of the cerebral cortex during motor task behaviours in adults: a systematic 
review of functional near infrared spectroscopy (fNIRS) studies. Neuroimage, 54(4), 2922-2936. 
doi: 10.1016/j.neuroimage.2010.10.058
Lu, C. F., Liu, Y. C., Yang, Y. R., Wu, Y. T., & Wang, R. Y. (2015). Maintaining Gait Performance by Cortical 
Activation during Dual-Task Interference: A Functional Near-Infrared Spectroscopy Study. PLoS 
One, 10(6). doi: ARTN e0129390 10.1371/journal.pone.0129390
Maetzler, W., Nieuwhof, F., Hasmann, S. E., & Bloem, B. R. (2013). Emerging therapies for gait disability 
and balance impairment: promises and pitfalls. Mov Disord, 28(11), 1576-1586. doi: 10.1002/
mds.25682
Maidan, I., Bernad-Elazari, H., Gazit, E., Giladi, N., Hausdorff, J. M., & Mirelman, A. (2015). Changes 
in oxygenated hemoglobin link freezing of gait to frontal activation in patients with Parkinson 
disease: an fNIRS study of transient motor-cognitive failures. J Neurol, 262(4), 899-908. doi: 
10.1007/s00415-015-7650-6
Maidan, I., Nieuwhof, F., Bernad-Elazari, H., Reelick, M. F., Bloem, B. R., Giladi, N., . . . Mirelman, 
A. (2016). The Role of the Frontal Lobe in Complex Walking Among Patients With Parkinson's 
Disease and Healthy Older Adults: An fNIRS Study. Neurorehabil Neural Repair. doi: 
10.1177/1545968316650426
Manor, B., Zhou, J., Jor'dan, A., Zhang, J., Fang, J., & Pascual-Leone, A. (2016). Reduction of Dual-task 
Costs by Noninvasive Modulation of Prefrontal Activity in Healthy Elders. J Cogn Neurosci, 28(2), 
275-281. doi: 10.1162/jocn_a_00897
McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R., Kawas, C. H., . . . Phelps, C. 
H. (2011). The diagnosis of dementia due to Alzheimer's disease: Recommendations from the 
National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for 
Alzheimer's disease. Alzheimers & Dementia, 7(3), 263-269. doi: 10.1016/j.jalz.2011.03.005
Meester, D., Al-Yahya, E., Dawes, H., Martin-Fagg, P., & Pinon, C. (2014). Associations between 
prefrontal cortex activation and H-reflex modulation during dual task gait. Frontiers in Human 
Neuroscience, 8. doi: 10.3389/Fnhum.2014.00078
Menant, J. C., Schoene, D., Sarofim, M., & Lord, S. R. (2014). Single and dual task tests of gait speed 
are equivalent in the prediction of falls in older people: a systematic review and meta-analysis. 
Ageing Res Rev, 16, 83-104. doi: 10.1016/j.arr.2014.06.001
Mirelman, A., Maidan, I., Bernad-Elazari, H., Nieuwhof, F., Reelick, M., Giladi, N., & Hausdorff, J. M. 
(2014). Increased frontal brain activation during walking while dual tasking: an fNIRS study in 
healthy young adults. J Neuroeng Rehabil, 11, 85. doi: 10.1186/1743-0003-11-85
The prefrontal cortex during walking in older adults with a history of falls 
155
6
Mirelman, A., Rochester, L., Maidan, I., Del Din, S., Alcock, L., Nieuwhof, F., . . . Hausdorff, J. M. (2016). 
Addition of a non-immersive virtual reality component to treadmill training to reduce fall risk in 
older adults (V-TIME): a randomised controlled trial. Lancet. doi: 10.1016/S0140-6736(16)31325-3
Mirelman, A., Rochester, L., Reelick, M., Nieuwhof, F., Pelosin, E., Abbruzzese, G., . . . Hausdorff, J. 
M. (2013). V-TIME: a treadmill training program augmented by virtual reality to decrease fall 
risk in older adults: study design of a randomized controlled trial. BMC Neurol, 13, 15. doi: 
10.1186/1471-2377-13-15
Morris, R., Lord, S., Bunce, J., Burn, D., & Rochester, L. (2016). Gait and cognition: Mapping the global 
and discrete relationships in ageing and neurodegenerative disease. Neurosci Biobehav Rev, 64, 
326-345. doi: 10.1016/j.neubiorev.2016.02.012
Mortaza, N., Abu Osman, N. A., & Mehdikhani, N. (2014). Are the spatio-temporal parameters of gait 
capable of distinguishing a faller from a non-faller elderly? European Journal of Physical and 
Rehabilitation Medicine, 50(6), 677-691. 
Muir-Hunter, S. W., & Wittwer, J. E. (2016). Dual-task testing to predict falls in community-dwelling 
older adults: a systematic review. Physiotherapy, 102(1), 29-40. doi: 10.1016/j.physio.2015.04.011
Okamoto, M., Dan, H., Shimizu, K., Takeo, K., Amita, T., Oda, I., . . . Dan, I. (2004). Multimodal assessment 
of cortical activation during apple peeling by NIRS and fMRI. Neuroimage, 21(4), 1275-1288. doi: 
10.1016/j.neuroimage.2003.12.003
Panel on Prevention of Falls in Older Persons, American Geriatrics Society, & British Geriatrics, Society. 
(2011). Summary of the Updated American Geriatrics Society/British Geriatrics Society clinical 
practice guideline for prevention of falls in older persons. J Am Geriatr Soc, 59(1), 148-157. doi: 
10.1111/j.1532-5415.2010.03234.x
Scholkmann, F., Kleiser, S., Metz, A. J., Zimmermann, R., Mata Pavia, J., Wolf, U., & Wolf, M. (2014). A 
review on continuous wave functional near-infrared spectroscopy and imaging instrumentation 
and methodology. Neuroimage, 85 Pt 1, 6-27. doi: 10.1016/j.neuroimage.2013.05.004
Shumway-Cook, A., Patla, A. E., Stewart, A., Ferrucci, L., Ciol, M. A., & Guralnik, J. M. (2002). 
Environmental demands associated with community mobility in older adults with and without 
mobility disabilities. Phys Ther, 82(7), 670-681. 
Shumway-Cook, A., Patla, A., Stewart, A., Ferrucci, L., Ciol, M. A., & Guralnik, J. M. (2003). Environmental 
components of mobility disability in community-living older persons. J Am Geriatr Soc, 51(3), 393-398. 
Skjaeret, N., Nawaz, A., Morat, T., Schoene, D., Helbostad, J. L., & Vereijken, B. (2016). Exercise and 
rehabilitation delivered through exergames in older adults: An integrative review of technologies, 
safety and efficacy. International Journal of Medical Informatics, 85(1), 1-16. doi: 10.1016/j.
ijmedinf.2015.10.008
Smith, E., Cusack, T., & Blake, C. (2016). The effect of a dual task on gait speed in community dwelling 
older adults: A systematic review and meta-analysis. Gait Posture, 44, 250-258. doi: 10.1016/j.
gaitpost.2015.12.017
Chapter 6
156
Takahashi, T., Takikawa, Y., Kawagoe, R., Shibuya, S., Iwano, T., & Kitazawa, S. (2011). Influence of 
skin blood flow on near-infrared spectroscopy signals measured on the forehead during a verbal 
fluency task. Neuroimage, 57(3), 991-1002. doi: 10.1016/j.neuroimage.2011.05.012
Tiedemann, A., Shimada, H., Sherrington, C., Murray, S., & Lord, S. (2008). The comparative ability 
of eight functional mobility tests for predicting falls in community-dwelling older people. Age 
Ageing, 37(4), 430-435. doi: 10.1093/ageing/afn100
Varma, V. R., Hausdorff, J. M., Studenski, S. A., Rosano, C., Camicioli, R., Alexander, N. B., . . . Carlson, 
M. C. (2016). Aging, the Central Nervous System, and Mobility in Older Adults: Interventions. J 
Gerontol A Biol Sci Med Sci. doi: 10.1093/gerona/glw080
Wang, X., Pi, Y., Chen, P., Liu, Y., Wang, R., & Chan, C. (2015). Cognitive motor interference for preventing 
falls in older adults: a systematic review and meta-analysis of randomised controlled trials. Age 
Ageing, 44(2), 205-212. doi: 10.1093/ageing/afu175
Wrightson, J. G., Twomey, R., Ross, E. Z., & Smeeton, N. J. (2015). The effect of transcranial direct 
current stimulation on task processing and prioritisation during dual-task gait. Experimental Brain 
Research, 233(5), 1575-1583. doi: 10.1007/s00221-015-4232-x
Yardley, L., Beyer, N., Hauer, K., Kempen, G., Piot-Ziegler, C., & Todd, C. (2005). Development and 
initial validation of the Falls Efficacy Scale-International (FES-I). Age Ageing, 34(6), 614-619. doi: 
10.1093/ageing/afi196
Zhou, D. G., Zhou, J. H., Chen, H., Manor, B., Lin, J. H., & Zhang, J. (2015). Effects of transcranial direct 
current stimulation (tDCS) on multiscale complexity of dual-task postural control in older adults. 
Experimental Brain Research, 233(8), 2401-2409. doi: 10.1007/s00221-015-4310-0
The prefrontal cortex during walking in older adults with a history of falls 
157
6
Published as:
Mirelman A, Rochester L, Maidan I, Del Din S, Alcock L, Nieuwhof F, Olde Rikkert MGM, Bloem BR, 
Pelosin E, Avanzino L, Abbruzzese G, Dockx K, Bekkers E, Giladi N, Nieuwboer A, Hausdorff JM. 
Addition of a non-immersive virtual reality component to treadmill training to reduce fall risk in older 
adults (V-TIME): a randomised controlled trial. Lancet 2016; 388: 1170-82.
Chapter 7 
Addition of a non-immersive virtual reality 
component to treadmill training to  
reduce fall risk in older adults (V-TIME): 
a randomised controlled trial 
 
Chapter 7
160
Abstract
Background: Age-associated motor and cognitive deficits increase the risk of falls, a major 
cause of morbidity and mortality. Because of the significant ramifications of falls, many 
interventions have been proposed, but few have aimed to prevent falls via an integrated 
approach targeting both motor and cognitive function. We aimed to test the hypothesis 
that an intervention combining treadmill training with non-immersive virtual reality (VR) to 
target both cognitive aspects of safe ambulation and mobility would lead to fewer falls than 
would treadmill training alone. 
Methods: We carried out this randomised controlled trial at five clinical centres across five 
countries (Belgium, Israel, Italy, the Netherlands, and the UK). Adults aged 60−90 years with 
a high risk of falls based on a history of two or more falls in the 6 months before the study and 
with varied motor and cognitive deficits were randomly assigned by use of computer-based 
allocation to receive 6 weeks of either treadmill training plus VR or treadmill training alone. 
Randomisation was stratified by subgroups of patients (those with a history of idiopathic 
falls, those with mild cognitive impairment, and those with Parkinson’s disease) and sex, 
with stratification per clinical site. Group allocation was done by a third party not involved 
in onsite study procedures. Both groups aimed to train three times per week for 6 weeks, 
with each session lasting about 45 min and structured training progression individualised to 
the participant’s level of performance. The VR system consisted of a motion-capture camera 
and a computer-generated simulation projected on to a large screen, which was specifically 
designed to reduce fall risk in older adults by including real-life challenges such as obstacles, 
multiple pathways, and distracters that required continual adjustment of steps. The primary 
outcome was the incident rate of falls during the 6 months after the end of training, which 
was assessed in a modified intention-to-treat population. Safety was assessed in all patients 
who were assigned a treatment. This study is registered with ClinicalTrials.gov, NCT01732653. 
Findings: Between Jan 6, 2013, and April 3, 2015, 302 adults were randomly assigned to 
either the treadmill training plus VR group (n=154) or treadmill training alone group (n=148). 
Data from 282 (93%) participants were included in the prespecified, modified intention-to-
treat analysis. Before training, the incident rate of falls was similar in both groups (10.7 [SD 
35.6] falls per 6 months for treadmill training alone vs 11.9 [39.5] falls per 6 months for 
treadmill training plus VR). In the 6 months after training, the incident rate was significantly 
lower in the treadmill training plus VR group than it had been before training (6.00 [95% CI 
4.36−8.25] falls per 6 months; p<0.0001 vs before training), whereas the incident rate did 
not decrease significantly in the treadmill training alone group (8.27 [5.55−12.31] falls per 
6 months; p=0.49). 6 months after the end of training, the incident rate of falls was also 
significantly lower in the treadmill training plus VR group than in the treadmill training group 
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(incident rate ratio 0.58, 95% CI 0.36−0.96; p=0·033). No serious training-related adverse 
events occurred. 
Interpretation: In a diverse group of older adults at high risk for falls, treadmill training plus 
VR led to reduced fall rates compared with treadmill training alone. 
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Introduction 
Gait impairments and falls are ubiquitous among older adults (roughly >65 years) and 
patients with many neurological diseases. About 30% of community-dwelling adults older 
than 65 years fall at least once per year (Rubenstein & Josephson, 2006). Among people with 
mild cognitive impairment, dementia, or Parkinson’s disease, falls are even more common 
with 60–80% of individuals reporting falls each year (Wood, 2002). The consequences 
of falls often are severe, leading to loss of functional independence, social isolation, 
institutionalisation, disability, and death (Rubenstein & Josephson, 2006). Falls also place a 
huge burden on health-care systems, accounting for 1−2% of all health-care expenditures in 
many high-income countries (Heinrich, Rapp, Rissmann, Becker, & Konig, 2010). 
 Most falls occur during walking (Robinovitch et al., 2013) and hence gait 
impairment is associated with an increased fall risk (Hausdorff, Rios, & Edelberg, 2001). 
Falls in older adults people often occur as a result of tripping and poor obstacle negotiation 
(Ashburn, Stack, Ballinger, Fazakarley, & Fitton, 2008), with the lower leg of older adults 
passing dangerously close to impediments during walking (Galna, Murphy, & Morris, 2010). 
Obstacle negotiation also relies on cognitive resources, including motor planning, divided 
attention, executive control, and judgment (Iersel, Kessels, Bloem, Verbeek, & Olde Rikkert, 
2008), partly explaining why age-related decline in cognitive function is associated with 
increased fall risk (Rosso et al., 2013). 
 Various intervention programmes have aimed to reduce fall risk (Panel on 
Prevention of Falls in Older Persons & British Geriatrics, 2011). However, despite the 
increasing recognition of the importance of cognition, motor, and obstacle negotiation 
abilities, previous multifactorial interventions have generally focused on individual risk 
factors separately, largely ignoring their interdependence. Cognition and motor aspects 
might both be targeted, but usually only individually. Growing evidence (Eggenberger, Theill, 
Holenstein, Schumacher, & de Bruin, 2015; Fu, Gao, Tung, Tsang, & Kwan, 2015; Mirelman 
et al., 2011) and the increasing recognition of the importance of cognition for safe walking 
(Montero-Odasso, Verghese, Beauchet, & Hausdorff, 2012; Yamada et al., 2012) suggest 
that a multimodal treadmill training programme augmented with a computer-simulated 
non-immersive virtual reality (VR) could improve both motor and cognitive aspects of fall 
risk (Mirelman et al., 2013). Generally, VR is defined as a high-end-computer interface that 
involves real-time simulation and interactions through multiple sensorial channels (de 
Bruin, Schoene, Pichierri, & Smith, 2010; Mirelman et al., 2013). Such an approach can 
be used to provide training in a stimulating and enriching environment that targets both 
motor and cognitive function, while also providing feedback about performance to assist 
with learning new motor strategies of movement. Integrated approaches that concurrently 
target motor and cognitive contributors to safe ambulation have not been well studied. 
Consistent with existing recommendations (Panel on Prevention of Falls in Older Persons & 
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British Geriatrics, 2011; Varma et al., 2016), we postulated that simultaneously training the 
motor and cognitive aspects of falls would help to reduce fall rates and ameliorate fall risk. 
 We aimed to test the hypothesis that a 6 week programme of treadmill training 
combined with a VR component would lead to a lower incidence of falls than would a similar 
intensity intervention delivered via treadmill training alone. We investigated this hypothesis 
in older adults at high risk of future falls based on a recent history of multiple falls, including 
people who had idiopathic falls, individuals with mild cognitive impairment, and people 
with Parkinson’s disease. 
Methods 
Study design and participants 
We conducted a prospective, single-blind, randomised controlled trial, with 6 months follow-
up, at five clinical centres across five countries (Belgium, Israel, Italy, the Netherlands, and 
the UK; appendix). The trial was approved by the medical ethics review committee at each 
site. Details of the protocol and study design have been reported previously (Mirelman et 
al., 2013) and additional details are available online.
 We recruited community-living older adults via flyers, advertising, presentations at 
local residential and community senior centres, review of medical records at local outpatient 
clinics, and word of mouth. After initial screening by phone, chart review, or interview, 
eligible individuals were invited to participate if they were aged 60−90 years, able to walk 
for at least 5 min unassisted, on stable medication for the past month, and self-reported two 
or more falls within 6 months before screening (Mirelman et al., 2013). In addition to these 
criteria, individuals with mild cognitive impairment were included if they had a score of 0.5 
on the Clinical Dementia Rating scale (J. C. Morris, 1993). People with Parkinson’s disease 
were included if they had been diagnosed in accordance with the UK Brain Bank criteria, had 
Hoehn and Yahr stage II–III disease (Goetz et al., 2004), and were taking antiparkinsonian 
medication (to maximise patient homogeneity). Individuals were excluded if they had 
psychiatric comorbidity (eg, major depressive disorder as in accordance with DSM IV 
criteria); history of stroke, traumatic brain injury, or other neurological disorders (other 
than Parkinson’s disease and mild cognitive impairment, for those groups); acute lower back 
or lower extremity pain; peripheral neuropathy; rheumatic and orthopaedic diseases; or 
a clinical diagnosis of dementia or severe cognitive impairment (Mini Mental State Exam 
[MMSE] score < 21 (Folstein, Folstein, & McHugh, 1975)). All decisions about eligibility were 
made before randomisation. After undergoing screening to confirm eligibility, individuals 
who agreed to participate in the study were asked to provide informed written consent. 
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Randomisation and masking 
By use of computer-based allocation, participants were randomly assigned to receive either 
treadmill training plus VR or treadmill training alone. Due to the expected heterogeneity in 
fall rates, random assignment to training arm was stratified by subgroups of patients (i.e., 
older adults with a history of falls, individuals with mild cognitive impairment, or people with 
Parkinson’s disease). To ensure similar representation of men and women, randomisation 
was also stratified by sex. To minimize the effects of study site bias, all stratification 
procedures were done per clinical site. Allocation was done by the study contract research 
organisation (Advanced Drug and Device Services [ADDS], Brno, Czech Republic), a third 
partly not involved in study procedures on site. Outcome assessors and monitors were 
masked to study group assignment. 
Procedures 
Participants aimed to train three times per week for 6 weeks in both groups, with each 
session lasting about 45 min. Training was similar between arms, except for the computerised 
simulation component for those subjects who were assigned to treadmill training plus VR. A 
trainer was present at all training sessions. 
 In the treadmill training plus VR intervention, the system included a camera for 
motion capture (a modified Microsoft Kinect for Windows, Microsoft, Redmond, WA, 
USA) and a computer generated simulation. The Microsoft Kinect camera was modified to 
include an additional camera to also distinguish between the feet. The camera recorded 
the movement of the participant’s feet while they walked on the treadmill. These images 
were projected to the participant in real time on a large screen during the training, enabling 
the participants to see their feet walking within the simulation. The virtual environment 
was specifically designed to reduce fall risk in older adults; it included real-life challenges, 
consisting of obstacles, multiple pathways, and distractors that necessitated continual 
adjustment of steps (figure 1) (Mirelman et al., 2011; Mirelman et al., 2013). The virtual 
environment imposed a cognitive load that demands attention, planning, dual tasking, 
response selection, and processing of rich auditory and visual stimuli that involve several 
perceptual processes. Visual and auditory feedback of performance and results were 
provided to participants both during training and as a summary at the end of the sessions. 
Training progression was structured in accordance with a prespecified plan for progression 
and was based on increasing both motor and cognitive challenges that were individualised 
to the participant’s level of performance (Mirelman et al., 2011; Mirelman et al., 2013). 
Progression of the intervention was modulated via the speed of the treadmill, the duration 
of the walking bouts within a given training session, and the size and frequency of the virtual 
obstacles and the distractors. 
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Figure 1: The V-TIME treadmill training with virtual reality (VR) system. 
The system includes a camera based motion capture (Microsoft Kinect) and a computer generated simulation. The 
camera (see red rectangle 1) records the movement of the participant’s feet (see red rectangle 2) while walking 
on the treadmill. These images were transferred into the computer simulation and projected to the patient in real-
time time on a large screen during training (see red rectangle 3). The VR enables the simultaneous and implicit 
training of motor function and the cognitive control needed for safe ambulation including obstacle negotiation, 
dual tasking, and planning. Progression of the intervention is modulated by the speed of the treadmill, the duration 
of the walking bouts within a given training session, and the size and frequency of the virtual obstacles and the 
distractors. VR is defined as a “high-end-computer interface that involves real time simulation and interactions 
through multiple sensorial channels” (Mirelman et al., 2011).
Treadmill training alone was chosen as the active control intervention because of its positive 
effect on mobility (Mehrholz et al., 2016) and to allow for evaluation of the added value of 
the VR component. As in the treadmill training plus VR intervention, training progression was 
based on individual performance by increasing the duration of walking and walking speed 
in a standardised, prespecified fashion (Mirelman et al., 2013). The amount of time spent 
with the trainer was similar to that in the experimental group and training followed similar 
guidelines, which detailed the time and steps to progression in a well-defined manner.
 Fall rate was recorded during the 6 months after the end of training. A fall was 
defined as “an unexpected event in which the participant comes to rest on the ground, 
floor or lower level” (Canning et al., 2015). Because of the importance of this outcome, 
several options were provided for the recording of fall events and to maximise the accuracy 
of reporting. Participants received a falls calendar, which they were provided as a paper 
version, web-based calender, or a smartphone application (appendix) in accordance with 
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their preference. Information logged in the online or smartphone-based calendar was 
automatically uploaded to a database, whereas the paper calendars were posted back to 
the sites at which participants were recruited each month via pre-addressed envelopes. 
Research staff contacted all participants every month to maximise compliance. The falls 
database was checked, reviewed, and locked before intervention group assignment was 
unmasked. 
 Other outcomes were assessed at sessions 1 week before training and 1 week after 
training to examine acute effects, and 1 month and 6 months after training to examine 
retention effects. Gait speed and gait variability (using a Zeno instrumented walkway and 
PKMAS software, Havertown, PA, USA) were measured during usual walking and while 
participants negotiated physical obstacles. Inertial measurement units placed on both 
ankles and the lower back (Opal, APDM, Portland, OR, USA) were used to quantify foot 
clearance during obstacle negotiation (Trojaniello, Cereatti, & Della Croce, 2015). Endurance 
was assessed with the 2 min walk test. The Short Physical Performance Battery (SPPB) 
was used to assess balance and mobility in the laboratory setting, whereas the Physical 
Activity Scale for the Elderly questionnaire was used to assess everyday activity (Mirelman 
et al., 2013). Attention and executive function were assessed by use of a computerised 
neuropsychological test battery (NeuroTrax Corp, Medina, Modiin, Israel) (Doniger & Simon, 
2009). Health-related quality of life was measured with the SF-36 Health Survey. Disease 
severity in the patients with Parkinson’s disease was classified in accordance with the motor 
part of the Unified Parkinson’s Disease Rating Scale (UPDRS-III) (Goetz et al., 2007). 
 All outcome measures (i.e., falls and secondary outcome measures) were assessed 
by blinded assessors. Falls were recorded without knowledge of training group. An assessor 
at each site, who was masked to the intervention group allocation, did all assessments at 
roughly the same time of day to avoid variability of performance due to time or medication 
intake cycles. For the participants with Parkinson’s disease, all tests were done in the 
practical self-reported on-medication state (roughly 1 h after medication intake). 
 Deviations from the original protocol (Mirelman et al., 2013) were widening of the 
age range from 60−85 years to 60−90 years to allow for inclusion of additional participants 
who could benefit from the interventions; lowering of the MMSE cutoff score from more 
than 24 to more than 21 to include participants with a wider range of cognitive impairments; 
and removal of the exclusion cutoff based on the New Freezing of Gait questionnaire, 
because the consortium realised that the existence of freezing of gait did not negate training 
(Nieuwboer et al., 2009). 
Outcomes 
The primary outcome measure was the incident rate of falls in the 6 months after the end 
of training. Falls that occurred up to 182 days after training were included in the primary 
analysis. Secondary outcome measures investigated the effects of the interventions on 
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known measures of fall risk, as previously reported (Mirelman et al., 2013). These measures 
included gait speed and variability, foot clearance during obstacle negotiation, endurance, 
balance and mobility in the laboratory setting and in everyday activity, attention and 
executive function, and health-related quality of life. Additional secondary outcomes not 
reported in this Article include the effects of the interventions on the falls efficacy scale 
(FES-I), the Four Square Step Test, the mini-Balance Evaluation System Test, the Trail Making 
Test, verbal fluency, other measures of cognitive function (eg, memory), accelerometer-
derived estimates of physical activity, and the user satisfaction questionnaire. Safety 
was assessed in terms of adverse events, which were defined as any untoward medical 
occurrence, unintended disease, or injury of the participants whether or not they were 
related to the intervention (Mirelman et al., 2013). 
Statistical analysis 
Based on previous evidence (Gillespie et al., 2003), we carried out an a-priori power analysis 
assuming that the fall incident rate after the intervention in the treadmill training alone 
group would be three falls per year. Assuming a 40% reduction for the experimental group 
during the 6 month follow-up (Gillespie et al., 2003), 166 participants (83 in each group) 
would be needed for 80% power to detect significant differences (α=0.05) between the 
treatment groups assuming non-inferiority with moderate correlation among covariates 
(R2=0.50). If we aimed for a more robust 90% power and assumed 20% loss to follow-up, 
we would need to recruit 137 participants per group. To enhance the ability to explore the 
effects of the intervention on fall incidence, we aimed t o recruit 300 participants overall, 
distributed across the five study centres. 
 For the primary outcome, we estimated fall incident rates in the 6 months after 
training by use of negative binomial regression and a modified intention-to-treat analysis 
(appendix). The incident rate of falls and incident rate ratio (IRR), with 95% CIs, were 
calculated for comparisons between groups by use of negative binomial regression models. 
Training group was the fixed factor and the number of days after training with recorded 
falls data—i.e., a measure of exposure—was an offset variable, therefore accounting for 
different observation periods for different participants. It is possible that participants 
reported more than one fall on a given day, but the model treated each participant with 
equal weights. Multiple falls on one day were counted as the number that occurred. We 
used age and sex as covariates because falls are more common in women and fall risk 
increases with age (Anjos et al., 2016; Sartini et al., 2010; Tinetti, Speechley, & Ginter, 1988). 
Baseline characteristics were compared between groups and we examined the effects of any 
characteristics that were marginally (p<0.10) different between the two groups. The level 
of significance was set at 5%. Prespecified secondary analyses assessed the change in falls 
status and explored the fall rates in the three subgroups of participants (i.e., people with 
idiopathic falls, individuals with mild cognitive impairment, and people with Parkinson’s 
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disease). We analysed secondary outcome measures with generalised linear mixed-effects 
models (appendix). As prespecified, we checked the effect of study site in all of the primary 
and secondary analyses, by including site as a covariate; the effect was not significant and 
site was therefore not included in any of the final models (data not shown). We referred to 
the modified intention-totreat population used for the efficacy analyses as the full analysis 
set, which adhered as closely to the intention-totreat principle as was possible. The full 
analysis set included all participants who underwent randomisation, satisfied eligibility 
criteria, had at least three training sessions, and had any assessments during the 6 month 
follow-up period. According to the intention-to-treat principles, any participants who were 
randomly assigned to a group but discontinued the study before 6 months of follow-up 
were included in the full analysis set. Missing data resulting from dropouts, technical 
problems, and human errors were not imputed. The analysis plan was prespecified in the 
protocol and the statistical analysis plan. The safety analysis included all participants who 
underwent randomisation and is presented as absolute and relative frequency counts, with 
comparisons between groups. All statistical analyses were done with SAS version 9.4. The 
contract research organisation, ADDS, conducted data monitoring and were also responsible 
for the database and for locking the database before unblinding.
 This study is registered with ClinicalTrials.gov, number NCT01732653. 
Results 
661 individuals were screened. The most common reason for ineligibility was fewer than 
two falls in the 6 months before the study. Between Jan 6, 2013, and April 3, 2015, 302 
participants were recruited who met the inclusion criteria, consented to participate, and were 
then randomly assigned to one of the training groups (148 to treadmill training alone and 154 
to treadmill training plus VR). 16 (5%) participants dropped out before starting training, and 
four (1%) participants did not complete the minimum training sessions needed, leaving 282 
participants (136 in the treadmill training alone group and 146 in the treadmill training plus VR 
group) who completed training and were included in the full analysis set (figure 2; appendix). 
Participants in the two training arms were well matched with respect to baseline characteristics 
(table 1). The distribution of the three participant subgroups (130 with Parkinson’s disease, 43 
with mild cognitive impairment, and 109 people with idiopathic falls) was similar between 
the two groups (64 individuals in treadmill training group vs 66 in treadmill training plus VR 
group with Parkinson’s disease; 20 vs 23 with mild cognitive impairment; and 52 vs 57 with 
idiopathic falls). The methods of reporting falls used by the participants were similar between 
groups (p=0.822; data not shown), as was compliance with the interventions (p=0.350); of 18 
sessions, the mean number of completed sessions was 16.62 (SD 1.78) in the treadmill training 
plus VR group and 16.82 (1.81) in the treadmill training group. 
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Figure 2: Trial profile
TT = Treadmill training, VR=non-immersive virtual reality. MMSE=Mini Mental State Exam.
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Table 1: Subject characteristics
Treadmill training 
(n=136)
Treadmill training with VR 
(n=146)
P-value
Age [yrs] 73.3±6.4 
73.0 (61.0 – 89.0)
74.2±6.9 
74.0 (60.0 – 89.0)
0.244
Gender [M / F] 84 / 52 
61.8% / 38.2%
98 / 48 
67.1% / 32.8%
0.625
Education [yrs] 12.9±3.9 
13.0 (3.0 – 30.0)
13.1±4.00 
13.0 (5.0 – 22.0)
0.671
Fall history [number of falls in 6 
months prior to the intervention] 
10.7±3.56 
2.5 (2.0 – 260.0)
11.9±39.5 
3·0 (2.0 – 300.0)
0.786
Mini Mental State Examination [max 30] 28.2±1.7 
28.5 (24.0 – 30.0)
27.8±1.8 
26 (22.0 – 30.0)
0.092
Number of Prescription Medications 6.1±3.5 
6 (1-19)
6.3±3.9 
5 (1- 20)
0.703
Gait speed during 2 Minute Walk test 
[m/s] 
1.02±0.27 
1.04 (0.21- 1.70)
1.02±0.28 
1·04 (0.21- 1.70)
0.662
*Entries are Mean±SD and Median (Min-Max) or n and %. The number of prescription medications was used as a 
proxy for general health and is known to be associated with fall risk. P-values reported here are based on t-tests. 
See supplementary material Table 1 for the subject characteristics among the elderly fallers, the participants with 
MCI, and the people with PD. VR = non-immersive virtual reality. 
Overall, the falls incident rate before the intervention was 11.34 falls (95% CI 9.63−13.34) per 6 
months. Before training, incident rates were similar (p=0.29) between the training groups (table 
2). After training, the incident rate for all participants was 7.10 falls (95% CI 5.51−9.14) per 6 
months, which was a significant reduction compared with before training (p<0.0001). In the 
treadmill training plus VR group, the post-training incident rate was 6.00 falls (95% CI 4.36−8.25) 
per 6 months (p<0.0001 compared with the 6 months before training). In the treadmill training 
group, the incident rate decreased to 8.27 falls (95% CI 5.55−12.31) per 6 months, but this 
reduction was not significant (p=0.49 compared with the 6 months before training). Similarly, the 
incident rate was lower after training in the treadmill training plus VR group than in the treadmill 
training alone group (IRR 0.58, 95% CI 0.36−0.96; p=0.033; figure 3 and table 2), showing a 
significant advantage for treadmill training plus VR compared with treadmill training. Adjustment 
for MMSE scores did not affect the incident rate ratio (data not shown). 
 Before training, secondary outcome measures were similar between the two 
training groups (table 3). Many of the secondary outcomes improved in both training groups 
after training, whereas other outcomes (gait speed variability, leading foot clearance, SPPB 
balance, SPPB gait, SF-36 physical total, and SF-36 mental total) improved more in the 
treadmill training plus VR group than in the treadmill training group (table 3).
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Figure 3: Diff erences in fall incident rates within and between training groups before and aft er training 
95% CIs and incidence rates for the subgroups are shown in table 2. VR=non-immersive virtual reality.
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Table 3: Secondary outcome measures prior to and after training
P value
Subgroup
P value
Time
P value
Arm
Difference of Least 
Square mean and CI
LS mean (95% CI)
Treadmill 
training 
with VR
Treadmill  
training
Gait
0.005<0.0010.480Gait speed usual walking (m/sec)
0.006 (-0.027, 0.004)1.000.99Pre-training
-0.012 (-0.045, 0.022)1.06time1.07timePost-training
-0.0003 (-0.035, 0.003)1.05time1.05time6M follow-up
0.0030.0110.321Gait speed variability usual walking (%)
0.039 (-0.509, 0.588)5.245.21Pre-training
-0.121 (-0.673, 0.432)4.71time4.83Post-training
-0.609 (-1.194, -0.025)4.915.236M follow-up
0.023<0.0010.320Gait speed obstacle negotiation (m/sec)
0.003 (-0.031, 0.036)0.950.94Pre-training
0.014 (-0.019, 0.048)1.02time1.00timePost-training
0.022 (-0.014, 0.046)0.98time0.98time6M follow-up
0.0203<0.0010.018Gait speed variability obstacle negotiation (%)
0.156 (-1.149, 1.461)16.7816.62Pre-training
-2.044 (-3.363,-0.725)13.92time; arm15.97timePost-training
-0.937 (-2.332, 0.456)13.90time14.846M follow-up
0.84430.0400.002Leading foot clearance from obstacle during walking (cm)
-0.163 (-1.262, 0.934)32.2232.38Pre-training
1.244 (-0.055, 2.544)33.74time32.03Post-training
2.498 (1.130, 3.867)33.06arm30.56time6M follow-up
0.0782,3<0.0010.0772 Minute walk test (m)
-0.730 (-4.057, 3.911)124.46124.53Pre-training
4.001 (0.011, 8.003)132.49time; 
arm
128.48timePost-training
2.301 (-0.027, 9.536)126.77124.476M follow-up
Cognition
0.042<0.0010.398Executive function index
-0.252 (-1.973, 6.476)92.3992.42Pre-training
-0.722 (-2.277, 0.831)94.07time94.79timePost-training
-0.701 (-2.327, 0.923)95.36time96.05time6M follow-up
0.034<0.0010.608Attention index score
-0.261 (-2.362, 1.838)91.5791.83Pre-training
-0.365 (-2.482, 1.752)93.2693.63timePost-training
0.257 (-1.958, 2.474)95.12time94.86time6M follow-up
>>
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Table 3 continued
Mobility
0.054<0.0010.078Short Physical Performance Battery (SPPB) total
0.073 (-0.262, 0.410)8.888.81Pre-training
0.151 (-0.186, 0.488)9.61time9.46timePost-training
0.377 ( 0.025, 0.729)9.17arm8.796M follow-up
0.017<0.0010.992SPPB chair rise
0.033 (-0.159, 0.227)2.072.04Pre-training
-0.059 (-0.252, 0.135)2.37time2.43timePost-training
0.033 (-0.169, 0.236)2.182.156M follow-up
0.0323<0.0010.030SPPB balance
0.003 (-0.176, 0.182)3.233.22Pre-training
0.078 (-0.101, 0.258)3.41time3.33timePost-training
0.294 ( 0.106, 0.483)3.39time; arm3.096M follow-up
0.2383<0.0010.032SPPB gait
0.037 (-0.089, 0.164)3.553.52Pre-training
0.134 ( 0.007, 0.262)3.80time; arm3.68timePost-training
0.075 (-0·057, 0.208)3.603.536M follow-up
0.4100.2810.126Physical Activity Scale for the Elderly (PASE)
0.988 (-9.023, 11.001)102.8101.7Pre-training
6.350 (-3.793, 16.493)102.295.8Post-training
2.482 (-8.084, 13.049)106.1103.66M follow-up
Quality of Life
0.0081<0.0010.033SF-36 Physical total
0.061 (-2.839, 2.962)55.8255.76Pre-training
2.768 (-0.171, 5.707)60.56time57.73Post-training
2.317 (-0.749, 5.383)58.0455.736M follow-up
0.49410.0720.041SF-36 Mental total
-0.358 (-3.280, 2.564)68.9669.32Pre-training
1.924 (-1.037, 4.886)72.35time70.43Post-training
2.468 (-0.629, 5.567)72.41time69.946M follow-up
For the sake of brevity, results at the 1 month time point are not shown. In general, values at this time point were 
in between those measured at the post and 6 month testing assessments. Pre-training, these secondary outcome 
measures were similar in the training arms (p>0·12). The three p-values in the right most columns indicate 
main effects for training arm, time, and subject subgroup (e.g., MCI vs. PD) for each of the outcome measures. 
*1,2,3 indicate significant changes observed within the older adult, MCI or PD subgroups, respectively. SPPB: 
Short Physical Performance Battery. Values entered are the age and gender corrected least squares estimates 
of the mean. MCI: mild cognitive impairment; PD: Parkinson’s disease; CI: confidence interval. For the SF-36, the 
summary indices for physical and mental health are reported. A significant arm X time interaction effect was 
observed for leading foot clearance. This measure became worse (smaller) in treadmill training and better in 
treadmill training with VR after training. time indicates a significant within training arm effects of time, compared 
to pre-training values. arm indicates a significant effect of TT+VR vs. TT.
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Immediately after training, gait speed under usual and obstacle negotiation walking 
conditions improved (both p<0.0001) in both training groups. Gait variability during obstacle 
negotiation was significantly lower (i.e., better) in the treadmill training plus VR group than 
in the treadmill training group. Obstacle clearance was greater after training in the treadmill 
training plus VR group than in the treadmill training group. Cognitive function outcomes 
improved similarly in both training groups. Scores on the SPPB also improved in both groups, 
however, significantly larger gains for the gait and balance components were achieved in 
the treadmill training plus VR group than in the treadmill training group. Conversely, self-
reported daily life activity did not change after training in either arm (p=0.128 in treadmill 
training group; p=0.211 in treadmill training plus VR group). 
 Several measures were better in the treadmill training plus VR group than in the 
treadmill training group, even at the 6 month follow-up. These outcomes included endurance, 
obstacle clearance, mobility (i.e., SPPB scores), and quality of life (table 3). Training effects at 
the end of training and the end of follow-up were generally larger in the treadmill training 
plus VR group among the patients with Parkinson’s disease and the participants with 
idiopathic falls (effect sizes r=0.08−0.99); in the subgroup with mild cognitive impairment, 
the differences between treadmill training plus VR and treadmill training alone were less 
consistent, possibly because of the sample size (appendix). Variability in the Parkinson’s 
disease group might be related to the differences in phenotype or disease manifestation 
within each of the groups. 
 28 adverse events were reported overall, with 24 occurring in participants who 
completed a minimum of three training sessions and were thus included in the analysis: 
all adverse events led to discontinuation. Of the 28 adverse events, there were five serious 
adverse events, which consisted of one death from natural causes (treadmill training 
group), one stroke (treadmill training plus VR group), one head injury resulting from a 
car accident (treadmill training plus VR group), and two myocardial infarctions (treadmill 
training group). Minor adverse events included exacerbated orthopaedic-related pain or 
arthritis (four participants in the treadmill training plus VR group vs five in the treadmill 
training group), herpes zoster (one vs zero), rhabdomyolysis (zero vs one), and pneumonia 
(one vs one). Eight participants sustained a fall during the training period, preventing them 
from returning to training. All of these falls occurred outside of the clinic, in the home or 
community (five participants in the treadmill training group vs three in the treadmill training 
plus VR group). All adverse events were investigated and none were deemed to be caused 
by the interventions. The frequency of these events was similar between the training arms 
(14 adverse events in each training group). 
 In prespecified exploratory analyses, we examined the fall incident rate after 
training in the three participant subgroups. Among the participants with Parkinson’s 
disease, the incident rate was lower in the treadmill training plus VR group than in the 
treadmill training group (IRR 0.45, 95% CI 0.24−0.86; p=0.015) and this effect persisted after 
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adjusting for disease severity (0.47, 0.25−0.89; p=0.021). Conversely, the incident rate after 
training did not differ significantly between groups among the people with idiopathic falls 
(p=0.10) or the participants with mild cognitive impairment (p=0.99). The lack of effect 
among the people with idiopathic falls might be related to an imbalance in pre-training 
values (appendix). 
 We conducted a prespecified secondary analysis of fall status (i.e., whether a 
participant had ≥2 falls in a given time period). Before training, all participants could be 
classed as having had multiple falls, as per the inclusion criterion of at least two falls in 
the 6 months before the study. After training, 171 (61%) of 282 participants reported no 
falls or only one fall and were therefore no longer classed as having multiple falls (table 
2). This change in fall status occurred in all three subgroups and in both training groups 
(all p<0.0001). The greatest change in fall status was in the subgroups of participants with 
mild cognitive impairment and the people with idiopathic falls; only 34 (22%) of these 152 
participants (12 [28%] of 43 participants with mild cognitive impairment and 22 [20%] 
of 109 participants with idiopathic falls) had multiple falls during the 6 months after the 
intervention. Among the 130 participants with Parkinson’s disease, 77 (59%) were defined 
as having had multiple falls after training, a significantly smaller proportion than before 
training (p<0.0001). 
 Results on the analysis of the additional secondary outcome measures (i.e., FES-I, 
the Four Square Step Test, the mini-Balance Evaluation System Test, the Trail Making Test, 
verbal fluency, other measures of cognitive function, accelerometer-based estimates 
of physical activity, and the user satisfaction questionnaire) will be reported in future 
publications. 
Discussion 
To our knowledge, this study is the first to investigate the effects of an intensive treadmill-
based intervention with and without a VR component on fall rates in an older adult population 
with a high risk of falls. Both treadmill training interventions significantly improved markers 
of fall risk and fall rates were lowered for both interventions compared with values from 
before training, emphasising the therapeutic value of the active control intervention (i.e., 
treadmill training alone). Nonetheless, comparisons within the training groups showed that 
the reduction in fall rates was only significant in the treadmill training plus VR group and not 
in the treadmill training group. Consistent with this finding, a direct comparison of the two 
training groups showed that the treadmill training plus VR intervention had a significant, 
positive effect on the incident rate of falls, the primary outcome, and fall risk (gait variability 
during obstacle negotiation and obstacle clearance), improving both to a larger degree than 
that seen in those who trained on the treadmill without the virtual reality component. In 
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the treadmill training plus VR arm, the fall incident rate decreased from 11.92 falls per 6 
months before training to 6.00 falls per 6 months after training, showing the ability of this 
multimodal approach to substantially reduce the number of falls in this high-risk population. 
 Many older adults are deconditioned, so it is not surprising that the intensive 
treadmill training was associated with improved outcomes in our high-risk participants, 
possibly by facilitating more effective motor control. This finding concurs with results from 
meta-analyses on the effect of exercise on fall risk in older adults and patients with Parkinson’s 
disease (Gillespie et al., 2003; Shen, Wong-Yu, & Mak, 2015). Nonetheless, the rate of falls 
after training was 42% lower in the treadmill training plus VR arm than in the active control 
group of treadmill training alone. The added value of the VR component might be explained 
by the nature of the training. The motor-cognitive intervention provided by the VR implicitly 
trained obstacle negotiation strategies in a complex, enriched environment that requires 
focused attention and planning (Mirelman et al., 2011). Executive function and attention 
have important roles in the regulation of gait, especially in complex situations such as 
obstacle negotiation (Brown, McKenzie, & Doan, 2005; Mak, Wong, & Pang, 2014). Although 
the cognitive outcome measures were not sensitive enough to detect differences between 
training groups, everyday activities such as obstacle avoidance, which do require cognitive 
function, improved to a larger extent with the treadmill training plus VR intervention than 
they did with treadmill training alone. Training in the VR environment might have enhanced 
performance during attention demanding and challenging situations, thereby contributing 
to real-world fall avoidance during the 6 month follow-up period. 
 This observation is supported by the results of the secondary outcomes. After 
training, participants in the treadmill training plus VR group had lower (i.e., better) gait 
variability during obstacle negotiation, and greater obstacle clearance than did those in 
the treadmill training group. Both gait variability and clearance amplitude are important 
measures of obstacle negotiation (Galna et al., 2010; Heasley, Buckley, Scally, Twigg, & Elliott, 
2004). These are skills that could be regarded as training-specific gains, directly related to 
the intervention given that obstacle negotiation was trained in the VR. Still, it is important 
to note that participants were trained with virtual obstacles and the gains reported here 
were measured in the real world, during overground walking. Most secondary outcomes 
improved in both training arms from before training to the end of training, reflecting the 
immediate training effects. However, retention effects were more common in the treadmill 
training plus VR group, especially for motor and motor-cognitive functions (eg, gait, obstacle 
negotiation, physical performance), suggesting that a learning effect might have contributed 
to the observed decrease in fall risk and fall frequency. This possibility is consistent with 
previously reported long-term training effects on fall risk achieved with other approaches 
(M. E. Morris et al., 2015; Pai, Bhatt, Yang, & Wang, 2014). 
 Results from several studies have shown that interventions that enhance cognitive 
skills lead to improvements in fall risk factors (Segev-Jacubovski et al., 2011; Verghese, 
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Mahoney, Ambrose, Wang, & Holtzer, 2010). Additionally, subsequent studies have examined 
the use of combined motor-cognitive interventions to reduce fall risk in older adults, with 
conflicting findings. Eggenberger and colleagues (Eggenberger et al., 2015) investigated 
the efficacy of two multicomponent cognitive–physical intervention programmes on fall 
risk mediators and fall frequency in older adults without cognitive impairments. Motor-
cognitive training approaches were superior for improving fall risk mediators such as dual-
task cost and gait variability compared with a similar intensity physical training intervention. 
However, they found no between-group difference in fall frequency at 6 months after the 
intervention. Fu and colleagues (Fu et al., 2015), examined the effectiveness of the Wii 
Fit balance board (Nintendo, Kyoto, Japan) for reducing fall risk and incidence of falls in 
60 nursing home residents. At 12 months after the intervention, the fall incidence rate 
was reduced in the group that trained with the Wii Fit balance board compared with a 
conventional exercise group, with the intervention showing efficacy even in frail older 
adults. Our findings are consistent with these preliminary observations and further support 
the notion that a combined motor-cognitive intervention could be beneficial to reduce 
fall rates in older adults and those with neurodegenerative conditions. Fu and colleagues’ 
findings and ours warrant further research and clinical implementation. 
 Our results suggest that treadmill training plus VR training has an advantage over 
treadmill training alone, especially in people with Parkinson’s disease. For this subgroup, 
training with virtual reality reduced the risk of falls by nearly 60% (IRR 0.45) more than in the 
treadmill training intervention. This is noteworthy given the high fall rates in patients with 
this neurodegenerative disease (Wood, 2002). It is possible that people with Parkinson’s 
disease benefited most because their baseline rate of falls was highest. Another explanation 
could be that falls improved particularly in this subgroup because the pathophysiology of 
falls in Parkinson’s disease usually involves the interplay between motor and cognitive 
deficits; both domains were clearly affected among the participants with Parkinson’s 
disease in this study, and both domains were improved by the treadmill training plus VR 
training. By contrast, both training interventions reduced fall risk and improved fall status 
in the older adults and individuals with mild cognitive impairment subgroups. Possibly, 
the underlying cause of falls in these subgroups more heavily involved motor components 
and hence both treatment approaches were effective. Alternatively, based on the lower 
reported fall frequency rate and better motor function compared with the participants 
with Parkinson’s disease (appendix), the motor-cognitive training might not have been 
sufficiently tailored for these participants to produce differences between training groups 
in these two subgroups. Nonetheless, we wish to emphasise that although fall rates and fall 
status improved similarly in the treadmill training plus VR group and the active control group 
among the participants with mild cognitive impairment and individuals with idiopathic falls, 
there were still advantages to treadmill training with VR in terms of the effects on the fall 
risk measures (appendix). The relatively small sample size of individuals with mild cognitive 
Virtual reality during treadmill training to reduce falls 
179
7
impairment suggests that these subgroup-specific results need to be interpreted cautiously. 
It appears that the participants with idiopathic falls in both training groups benefited from 
the interventions, when comparing pre-training to post-training values with no differences 
between the training arms. However, it also seems that the rates of falls at baseline were 
different in this subgroup. Because of the inadequate power for the subgroup analyses and 
the problems of recall bias when using retrospective recall to estimate the number of falls 
over 6 months, it is possible that the lack of difference between the training arms truly 
reflects no added value for the VR on fall rates in this population or alternatively, this could 
be an artifact of the pre baseline differences in fall rates. This finding should be further 
explored. 
 The present study has several limitations. Both the experimental and control groups 
received active intensive treatment and we cannot assess the benefit of each treatment 
compared with no intervention. However, it is likely that a comparison to usual care would 
reveal an even larger impact given that usual care is often less intensive and focuses on 
general health, and few previous intervention studies have contrasted active interventions 
(Gillespie et al., 2003). The study was not powered to detect differences between the 
two training arms in the subgroups. Thus, comparisons among the subgroups should be 
considered as being hypothesis generating rather than hypothesis testing. Information 
about falls before training was based on a self-reported estimate for the previous 6 months, 
which introduces well-known recall bias (Ganz, Higashi, & Rubenstein, 2005). To address 
this shortcoming, for the primary outcome, we compared differences between training 
arms based only on falls recorded after the intervention. Because of the nature of the study 
design, we cannot fully rule out the possible effect of regression to the mean on some of 
the secondary analyses and in the estimation of the reduction in fall rates compared to 
values before training. However, given that the participants in the two intervention arms 
were well matched for all of the outcomes at baseline and that study participants were 
randomly allocated to comparison groups, the responses from both intervention arms were 
likely to be equally affected by regression to the mean. Questions about longer-term follow-
up, the motor learning process during the training, and comparisons to other types of 
interventions need to be addressed in follow-up work. Future studies should also include a 
formal cost–benefit analysis. In the meantime, we note that the additional costs of treadmill 
training plus a VR component (<€4000 for a simple clinical set-up) compared with treadmill 
training alone are minimal (the cost of the computer, screen, safety harness, and platform 
are relatively low for medium income countries) and that treadmills are widely available. 
Although personalised supervision was used in the present study, such supervision is 
probably not necessary in everyday practice, for which group instruction might be sufficient, 
enabling high-intensity, safe, and engaging training with minimal instructor assistance 
(Shema et al., 2014). Additionally, it will be important to examine whether treadmill training 
plus VR can be used as part of a therapeutic prevention package to treat fall risk before 
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falls become common and before any injuries occur. Although general exercise enhances 
cognition (Öhman et al., 2016), further investigation is also needed to better understand 
the similar effect of both training groups on cognition and whether improvements differ 
between subtypes of mild of cognitive impairment. However, the intervention was safe, the 
high retention rate (81%) shows the engagement and adherence of the subjects, and the 
very few adverse events that occurred were deemed to be unrelated to training. We found 
no differences between the five clinical sites, underscoring the fidelity of the approach 
used, its feasibility, and broad applicability. Finally, the inclusion of older adults with diverse 
characteristics supports the generalisability of this practical approach. 
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SUPPLEMENTARY MATERIAL
Methods
The randomized trial took place at five clinical sites: Tel Aviv Sourasky Medical Center, 
Israel; Department of Rehabilitation Sciences, Katholieke Universiteit Leuven, Belgium; 
Institute for Ageing and Health, Newcastle University UK; Department of Neurosciences, 
University of Genoa, Italy; Departments of Geriatric Medicine & Neurology, Radboud 
University Medical Centre, Nijmegen, The Netherlands. 
 Representatives from the contract research organization (CRO) visited each clinical 
site before the start of the trial and every 6 months to maximize the fidelity to the protocol 
and accuracy of data. 
Participants
The pre-screening phase included approaching the participants and investigating eligibility 
by phone or in person before obtaining informed consent. This procedure was performed 
to minimize patient and assessor burden. Information gathered through this approach 
eliminated individuals that would not meet inclusion criteria such as: (1) sustaining less 
than 2 falls in the past 6 months (2), 60-90 years of age, (3) unable to walk independently for 
5 minutes, (4) severe visual or hearing impairment, (5) persons with unstable medications 
for the past 1 month or anticipated change in medications in next 6 months, (6) history of 
stroke, traumatic brain injury or other neurological disorder, (7) existence of a diagnosed 
psychiatric disorder, (8) acute low back pain, neuropathy or orthopedic condition, (9) 
unable/unwilling to comply with the training or currently participating in another therapy or 
a fall clinics program. Patients with Parkinson’s disease (PD) were also asked if they were: (1) 
on anti-parkinsonian medication, (2) if they had deep brain stimulation surgery and if their 
deep brain stimulation settings were stable for the past month and changes in settings were 
expected in the following 6 months. Participants who met all the criteria were scheduled 
for the screening phase. When the information provided by the participant was not clear 
or unsatisfactory or if all of these conditions were met, the participant was invited to the 
clinical center for further assessment of eligibility. 
 The screening phase was carried out in the clinical site and involved a thorough 
explanation of the V-TIME study and signing of the informed consent for participation 
(n=308). The participants then performed the MMSE and individuals suspected with mild 
cognitive impairment (MCI) were also evaluated using the clinical dementia rating (CDR) 
scale. Participants who scored less than 21 on the MMSE were excluded as were MCI 
patients who scored more than 0.5 on the CDR. Eligible participants were then randomized 
and began the pre-training evaluation (n=302). 
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Reporting of Falls Incident Rates 
Before training and randomization, subjects were asked to estimate the number of falls that 
they experienced in the previous 6 months. This is a commonly used means of estimating 
falls incidence retrospectively; the exact estimate may not be perfectly accurate. 
 To maximize the accuracy of the number of falls reported post-training for the 
primary outcome, participants received a standard falls calendar, a web-based falls calendar 
and a Smartphone application of a falls calendar to be used according to their choice; 
51% used the standard falls calendar, 47% used the web-based calendar and 2% used the 
smartphone application. Information logged in the electronic calendar and the Smartphone 
based calendar was automatically saved in the falls database while the paper calendars 
were mailed back to the sites each month via pre-addressed envelopes. Recording of falls 
was done without knowledge of training arm assignment. To optimize compliance and 
accuracy of the falls reporting, all participants “practiced” reporting falls during the 6 weeks 
of training, during which time compliance was encouraged. 
Full analyses set 
For the statistical analyses, two data sets were considered, each defined before data lock 
and before unblinding. 1) The Full Analysis Set (FAS) was as close to the Intention-To-Treat 
(ITT) principle as possible. The FAS includes all randomized subjects who satisfied eligibility 
criteria (as per records at 'Pre-training' visit) with any assessments during the follow-up 6 
month period, irrespective of any protocol violations. The FAS was defined as the primary set 
used for efficacy analyses. According to ITT principles, randomized subjects who discontinued 
the study before 6 months of follow-up after training were included into the FAS set. 282 
met the pre-defined criteria and classified into the FAS and the ITT analyses. Missing data 
resulting from drop-outs, technical problems and human errors was not imputed. Since data 
was missing at random, linear mixed models were used to analyse all continuous outcome 
measures. 2) The second dataset was defined as a “per protocol” dataset. This referred to 
participants who completed all of the training sessions and underwent testing at all of the 
pre and post assessments. 245 participants were included in the per protocol dataset. For 
the sake of brevity, throughout this manuscript, we focus on the FAS / ITT dataset. 
Randomization 
All decisions about eligibility were made prior to randomisation. After undergoing screening 
to confirm eligibility, persons who agreed to participate in the study were asked to provide 
informed written consent. After consent, participants were randomized to one of two arms 
of the study (TT+VT or TT). Due to expected heterogeneity in fall rates between the three 
subject cohorts, the assignment to TT+VR arm or TT arm was stratified by cohort (i.e., 
older adults with a history of falls, people with MCI, people with PD). In order to ensure 
comparable representation of men and women, randomization allocation was also stratified 
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by gender. To minimize the effects of site bias, stratification by gender and cohort was done 
per clinical site. Training arm allocation was performed by the study CRO, a third partly not 
involved in study procedures on site. 
Determination of sample size 
As described in the study protocol paper (Mirelman et al., 2013), we conducted an a priori 
power analysis assuming that the control arm fall incident rate after the intervention would 
be three falls per year. If we considered a 40% reduction for the treatment arm during the 
6 month monitoring of falls incidence, 166 subjects (83/83) would be required for 80% 
power to detect differences between the two treatment arms assuming non-inferiority 
with moderate correlation among covariates (R-squared = 0.50). Aiming for a more robust 
90% power and assuming a 20% loss to follow-up resulted in an increased requirement 
of 137 subjects per arm (total of 274 participants). To enhance the ability to examine the 
effects of the intervention on fall incidence within the three cohorts (i.e., elderly fallers, PD 
fallers, MCI fallers), we aimed to recruit 100 subjects per cohort (total of 300 participants 
distributed over the 5 training centres). 
Statistical Analyses 
The primary outcome measure, i.e., the fall incident rate as measured during the 6 months 
post-training, was compared between TT+VR and TT arm using negative binomial regression 
models implemented in SAS procedure PROC GENMOD. In the model, the training arms were 
taken as a fixed factor and age and gender as covariates, and the number of post-training days 
with fall reports (i.e., a measure of “exposure”) as an offset variable. Age and gender did not 
differ between the training arms, but were included in the model to account for the large age 
range (60-90 years) and the variance in gender within the cohorts (more women in the elderly 
fallers cohort vs. more men in the PD cohort) and because of the many previous studies that 
documented an association between falls, age and gender; falls are more common in women 
and the risk increases with age (Anjos et al., 2016; Mackenzie, Byles, & D'Este, 2006; Sartini et 
al., 2010; Tinetti, Speechley, & Ginter, 1988). It is important to note that incident rates cannot 
be determined when adjusting for age, since age is a continuous variable; incident rate ratios 
can adjust for a continuous variable and were used to compare incident rates, e.g., across the 
two training arms, adjusting for both age and gender. 
 We used a negative binomial regression (NBR) model as the distribution assumed 
is more flexible, allows the larger-than-expected variance, and is often used for analysing 
fall rates. Negative binomial distribution assumptions were checked using histograms of 
fall rates and scatter plots. The assumptions of NBR were verified after all of the falls data 
was carefully reviewed (without knowledge of training arm allocation) and the falls data 
was “locked”. The effect of training site / clinical center in all of the primary and secondary 
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analyses was checked and found to be not significant and was therefore not included in any 
of the final models. 
 Secondary analyses of fall rates were conducted to further investigate changes in 
response to the intervention. It has been well-documented that asking subjects to recall 
the number of falls that they experienced over the past year or past 6 months provides 
inaccurate and unreliable estimates of fall rates (Ganz, Higashi, & Rubenstein, 2005; Hauer, 
2005). Therefore, the “gold-standard” is prospective follow-up using falls monitoring 
methods like those that were applied in the present study. Nonetheless, we applied NBR 
and determined incident rates (IR) and incident rate ratios (IRR) to estimate if and how 
TT+VR and TT reduced fall rates, compared to pre-training values. We also applied NBR 
analyses within each subject cohort (e.g., elderly fallers, MCI) to explore if the overall effects 
were also seen in the subgroups. In addition, we examined the change in falls status from 
before training to after training, classifying subjects as multi-fallers (2 or more falls in the 
past 6 months, as per inclusion) or non-multi-fallers (i.e., 0 or 1 falls reported) based on their 
6 month recall prior to training and based on the falls monitoring after training. 
 For the secondary outcome measures, data distributions were evaluated using 
graphical methods (e.g., Q-Q Plot, histograms) and Shapiro-Wilk's test of normality. 
Points that were considered to be outliers (more than 3 standard deviations away from 
the mean) were deleted. In general, deletion of these points did not affect the results. 
Secondary outcome measures were analyzed using generalized linear mixed-effects models 
with training arm, time (pre, post, 1 month or 6 month assessment), training arm X time 
interaction, and cohort (i.e., elderly, MCI or PD) as fixed effects and age and sex as covariates 
(random intercepts were modelled). The baseline, pre-training value was also included as 
a co-variate since this increases statistical power by absorbing anticipated between-person 
variations. In this model, the main effects were training arm, time, and cohort. The main 
effect of training is the basic quantifier of the effect attributable to the intervention since 
subjects in the two training arms were assumed to be similar at baseline because of the 
randomization procedures (an assumption which was confirmed). Since a significant main 
effect finding of “training arm” reflects differences averaged over all time points, one could 
argue a priori that some post-intervention effects may be largest immediately after training, 
while other effects might increase over time. Consistent with the pilot work and since a 
significant main effect of time does not specify whether the time effect was observed in 
either or both training arms, if there was a main effect of training arm or time (or a trend, 
p<0.10), pre-planned comparisons were conducted to compare the two training arms at 
each time point and to compare the effects within training arm. We also explored the 
effects of the two training arms within each subject cohort. Among the patients with PD, 
UPDRS-III was included as a covariate to adjust for the effect of disease severity in this 
analyses and when exploring fall rates among the PD cohort. Output statistics of those 
analyses included the least squares means and their differences between treatment arms 
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at each assessment, 95% confidence intervals, and corresponding p-values. Since secondary 
outcomes represented distinct domains, we did not adjust for multiple comparisons in this 
exploratory analysis and used a level of significance of 5% for each test. 
Results
Due to challenges with recruitment of the subjects with MCI, the target for the other two 
cohorts was increased to reach the overall goal of 300 study participants. The study therefore 
included 109 elderly fallers, 43 individuals diagnosed with MCI, and 130 patients with PD. 
Supplementary material table 1 presents subject characteristics overall and within the three 
cohorts within the two training arms.
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Supplementary material table 1: Participant characteristics 
TT TT+VR P value
Age [yrs] All 73.3±6.4 
[61.0 - 89.0]
74.2±6.9 
[60.0 - 89.0]
0.244
Elderly fallers 75.6±6.2 
[65.0 – 89.0]
75.4±6.2 
[64.0 – 88.0]
0.907
MCI 74.5±5.4 
[62.0 – 84.0]
80.3±5.2 
[68.00 - 89.00]
0.008
PD 71.0±6.1 
[61.0 - 85.0]
71.0±6.3 
[60.0 – 85.0]
0.975
Gender [male / female] All 84 / 52 98 / 48 0.625
Elderly fallers 42 / 10 45 / 12 0.815
MCI 18 / 2 14 / 9 0.029
PD 24 / 40 39 / 27 0.693
Education [yrs] All 12.9±3.9 
[3.0 - 30.0]
13.1±4.0 
[5.0 - 22.0]
0.671
Elderly fallers 12.9±3.8 
[5.00 – 22.00]
13.5±3.7 
[5.0 – 20.0]
0.463
MCI 11.6±2.7 
[6.0 – 17.0]
11.0±3.32 
[5.0 – 17.0]
0.494
PD 13.2±4.4 
[3.0 – 30.0]
13.5±4.3 
[5.0 – 22.0]
0.745
Falls history [6 months be-
fore training] 
All 10.7±35.6 
[2.0 - 260.0]
11.9±39.5 
[2.0 - 300.0]
0.786
Elderly fallers 3.2±2.5 
[2.0 – 15.0]
8.1±29.2 
[2.00 – 180.0]
0.237
MCI 2.9 ±1.4 
[2.0 – 6.0]
3.3 ±1.8 
[2.0 – 8.0]
0.368
PD 19.2±50.8 
[2.0 – 260.0]
18.3±51.7 
[2.0 – 300.0]
0.914
Mini Mental State Exam All 28.2±1.7 
[24.0 - 30.0]
27.8±1.8 
[22.0 - 30.0]
0.092
Elderly fallers 28.6±1.3 
[24.0 – 30.0]
28.5±1.4 
[24.00 – 30.0]
0.738
MCI 26.2±2.0 
[24.0 – 30.0]
26.0±2.1 
[22.00 – 30.0]
0.806
PD 28.4±1.6 
[24.0 – 30.0]
27.8±1.65 
[24.0 – 30.00]
0.030
Number of prescription 
medications 
All 6.1±3.5 
[1-19]
6.3±3.9 
[1-20]
0.703
Elderly fallers 4.2±2.8 
[2.0 – 15.0]
4.5±3.3 
[1.0 – 13.0]
0.672
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MCI 5.9±3.7 
[1.0 – 13.0]
6.4±3.8 
[1.0 – 15.0]
0.701
PD 7.5±3.3 
[2.0 – 19.0]
7.5±3.9 
[1.0 – 20.0]
0.971
Gait speed during 2 MWT 
[m/sec] 
All 1.02±0.27 
[0.21- 1.70]
1.02±0.28 
[0.21- 1.70]
0.662
Elderly fallers 1.11±0.20 
[0.54 – 1.50]
1.10±0.29 
[0.41 – 1.70]
0.695
MCI 1.10±0.38 
[0.29 – 1.71]
0.95±0.15 
[0.63 – 1.27]
0.082
PD 0.95±0.27 
[0.21 – 1.59]
0.98±0.28 
[0.21 – 1.66]
0.509
UPDRS Motor part III PD 30.0±13.4 
[5.0 – 60.0]
31.4±14.1 
[6.00 – 76.00]
0.669
Disease duration [yrs] PD 9.8 ±7.3 
[0.8- 37.0]
9.2 ±5.4 
[1.00 – 20.0]
0.609
Hoehn & Yahr stage (H&Y=2) 28 (43.8%) 33 (50.0%) 0.361
(H&Y=2.5) 6 (9.4%) 8 (12.1%)
(H&Y=3) 30 (46.9%) 25 (37.9%)
Values are Mean±SD [range] or frequency. UPDRS: Unified Parkinson’s Disease Rating Scale; 2 MWT: 2 minute 
walk test; MCI: mild cognitive impairment; PD: Parkinson’s disease. P-values based on t-test or Chi-square for 
dichotomous variables (e.g., gender). P-values reported here are based on t-tests. Note that the p-value reported 
here for previous falls is different from that reported in Table 3 when the NBR model was applied.
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Supplementary fi gure 1. Examples of secondary outcome measures and portrays changes over ti me, i.e., at 
baseline, post-training and 6 month follow-up, within the diff erent cohorts and between training arms. 
EF: elderly fallers; MCI: mild cogniti ve impairment; PD: Parkinson’s disease. 
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Neural mechanisms underlying complex walking in aging and Parkinson’s 
disease
The primary goal of this thesis was to disentangle the neural mechanisms underlying impaired 
complex walking abilities in aging and Parkinson’s disease (PD). Given the presumed role 
of prefrontal cortical areas in both populations, and of the striatum in PD, we specifically 
focused on these brain areas. After performing all studies described in this thesis, we are 
able to identify several potential neural mechanisms that are associated with impairments 
in complex walking abilities in PD, but not in older adults with limited mobility and a history 
of falls. 
 Concerning the PD population, we showed that prefrontal cortical activity during 
usual walking is higher in patients than in healthy controls, possibly leading to reduced ability 
to recruit additional prefrontal activity during dual task walking (chapter 4). In addition, we 
showed that, in PD, striatal dysfunction is associated with dual task impairments (chapter 
5). Given the cross-sectional non-interventional design of these studies, we cannot infer 
any causality based on the co-occurrence of these mechanisms and impaired dual task 
performance. However, the co-occurrence leads us to believe these two mechanisms 
potentially underlie complex walking impairments. 
 As we outlined in chapter 2, distinguishing compensatory mechanisms from 
pathophysiological deficits can lead to better targeted treatment. In our studies, we did not 
find conclusive evidence whether or not the mechanisms we described for PD patients are 
compensatory. However, we can speculate on this. First, increased activity in frontal regions 
is often interpreted as compensatory, in both healthy aging (Li et al., 2015) and PD (Wu, 
Chan, & Hallett, 2008; Wu & Hallett, 2005, 2008). As described in chapter 4, the increased 
prefrontal cortical activity during usual walking in PD patients likely reflects compensatory 
cognitive control for deficits associated with PD. With these deficits, I specifically mean the 
dopamine depletion of the dorsoposterior putamen, which is involved in simple response 
selection and automatic movement (Jankowski, Scheef, Huppe, & Boecker, 2009), and which 
likely leads to reduced movement automaticity (Wu, Hallett, & Chan, 2015). Interestingly, 
compensatory recruitment of the prefrontal cortex during usual walking might cause an 
inability to further recruit such activity during more complex walking. Thus, although this 
potential compensatory mechanism might be beneficial for usual walking, it may not be so 
for more complex walking. Or put differently, a more complex walking task brings out the 
parkinsonian deficit more fully than a simpler (and compensated) walking task. This might 
explain why in daily life, falls in patients with PD typically occur under more challenging (i.e. 
complex) conditions (Bloem, Grimbergen, Cramer, Willemsen, & Zwinderman, 2001).
In our fMRI study (chapter 5) we could not confirm the hypothesized striatal deficits (reduced 
activity in dorso-posterior putamen in PD) during single motor task performance. This could 
be due to the use of a simplified and cued motor task, with relatively low demands on 
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dorso-posterior putamen. However, altered striatal activity was present during dual task 
performance. In the dual task context, we found increased activity in ventro-posterior 
putamen in PD patients compared to controls. We propose that this effect is related to 
the loss of segregation between normally parallel cortico-striatal circuits, caused by axonal 
sprouting in the face of severe striatal dopamine depletion occurring in PD. This is not 
necessarily detrimental for striatal functioning. When axonal sprouting occurs between 
neurons with the same functionality, no information will be lost and it might even be 
compensatory (Arkadir, Bergman, & Fahn, 2014). However, when axonal sprouting occurs 
between neurons with differential functionality, interference might occur. Especially during 
complex walking situations, this interference might cause behavioral impairments. Taken 
together, potentially compensatory mechanisms might be beneficial for certain situations 
(such as usual walking), but be insufficient for, or even be the cause of, impairments during 
other situations (such as complex walking).
 Whereas we did find specific neural mechanisms in PD, we were unable to detect 
such mechanisms in older adults with a history of falls. We expected to find similarly altered 
prefrontal cortical functioning in elderly fallers and PD patients. Contrarily, prefrontal 
cortical activity during complex walking was not altered in elderly fallers (chapter 6). Several 
interpretations could be brought forward for this discrepancy. First, cognitive functioning 
is closely related to complex walking abilities (Amboni, Barone, & Hausdorff, 2013; Cohen, 
Verghese, & Zwerling, 2016). Although cognitive impairments occur in both PD patients 
and elderly fallers (Hausdorff et al., 2006), it might be more severe in older adults with 
PD. PD is known to affect cognitive functioning, especially in later stages of the disease 
as in our sample, to a larger extend than expected in general aging (Hanganu, Provost, & 
Monchi, 2015; Kudlicka, Clare, & Hindle, 2011; Yarnall, Rochester, & Burn, 2011). This is also 
reflected in the executive functioning scores on the Neurotrax tests used in our studies. On 
average, PD patients scored lower (87.9 ± 1.3 with a norm score of 100, showing declined 
executive functioning) than elderly fallers (98.6 ± 1.6 with a norm score of 100 showing 
relatively intact executive functioning). Elderly fallers were thus less cognitively impaired 
than the PD patients. This possibly reflects relatively intact prefrontal cortical functioning 
and thus absence of altered prefrontal cortical activity during complex walking. Second, 
although larger than in controls, dual task impairment was smaller in elderly fallers than in 
PD patients, as reflected by the lower costs of dual task performance on gait speed (-10.3 
± 1.4 in elderly fallers vs. -16.6 ± 1.1 in PD) and stride length (-4.8 ± 0.9 in elderly fallers 
vs. -11.7 ± 1.0 in PD). With less severe complex walking impairments, potential underlying 
neural changes will likely be more subtle and harder to detect.
An important question to raise here is whether prefrontal dysfunction is one of the leading 
mechanisms causing impaired complex walking in elderly fallers. Based on the lack of altered 
prefrontal cortical functioning in the older population in our study, we need to consider 
alternative mechanisms causing impaired complex walking abilities. Potentially, other and 
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more mechanisms together (e.g. physical limitations and fear of falling) determine complex 
walking abilities more than prefrontal functioning. This is also supported by the findings 
on behavioral effects of treadmill training with and without virtual reality. The virtual 
environment added cognitive (executive) challenges in training, through which it did target 
prefrontal functioning. All other targets of training (such as physical performance and 
endurance) were similar between the two training types. In PD patients, who showed altered 
prefrontal cortical functioning, adding virtual reality was beneficial. In elderly fallers, who 
showed no altered prefrontal cortical functioning, adding virtual reality did not add value to 
treadmill training (chapters 6 and 7). This lack of a beneficial effect of specifically targeting 
prefrontal functioning further supports the notion that altered prefrontal functioning does 
not necessarily underlie complex walking impairments in elderly fallers. 
 It could be questioned whether striatal dysfunction, which we detected in PD, 
could also be present in elderly fallers. While striatal dysfunction is the pathophysiological 
hallmark of PD, it is present to a much smaller extent in normal aging. Specifically, although 
in general aging shrinkage and dopamine loss in the striatum has been described (Kish, 
Shannak, Rajput, Deck, & Hornykiewicz, 1992; Raz et al., 2003), this decline is less severe 
and topographically different from the striatal dysfunction occurring in PD (Kish et al., 1992). 
Therefore, it is unlikely that striatal dysfunction plays a similar role in normal aging as in 
patients with PD.
Interpretation of the thesis results
To fully appreciate the results presented in this thesis, some topics need to be considered. 
First, one of the key requirements of clinically oriented studies is that the investigated 
sample is representative for the targeted population. Only then, findings can be generalized 
to a broader population. For the studies described in this thesis, recruitment difficulties 
may have led to a selection bias which potentially limits the external validity of our findings. 
Second, optimal use of neuroimaging techniques often drives the study setup further 
from real-life situations. The opposite is equally true; studying persons in close to real-
life situations often comes with the cost of suboptimal use of neuroimaging techniques. 
Before we further elaborate on the findings described in this thesis, these topics need to 
be discussed. 
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To whom do the results apply?
For our studies, all participants were recruited to participate in the V-TIME project. 
Therefore, all subjects needed to have a history of (at least two) falls in the six months 
previous to participation, to benefit potentially from gait training, be able to come to our 
center to train three times per week for six (elderly fallers) or 12 weeks (PD patients), and 
to receive no other treatment interfering with the V-TIME intervention. Especially for the 
PD patients, who also had to fit MRI safety related criteria, this combination of criteria led 
to considerable recruitment difficulties. Such recruitment problems are not uncommon in 
trials of allied health interventions for people with PD (Ashburn et al., 2007; Keus, Bloem, 
van Hilten, Ashburn, & Munneke, 2007), but we faced particular recruitment challenges that 
are worth sharing here.
 At the Radboud university medical center, many older adults were screened on 
eligibility during the inclusion period from January 2013 until December 2015. To provide 
background on this selection procedure, figure 1 provides an overview with estimates of 
the number of potential participants in each step. At the Radboud university medical center, 
more than 20 new PD patients are visiting each month. Thus, in the 3-year inclusion period 
about 720 new patients were screened for eligibility. On top of these, we screened patients 
who revisited our center during the inclusion period or who participated in previous 
research and were willing to be contacted again. Also, we contacted three other hospitals, 
many physical therapists, patient communities and other caregivers working in the region 
surrounding Nijmegen. They screened their patients for eligibility for V-TIME. All these efforts 
led to about 420 PD patients and 180 older adults that were more thoroughly screened, 
either by screening medical files or consulting the treating specialist. In the end, only 26 PD 
patients and 34 elderly fallers were included at Radboudumc. This is only a small portion of 
the initially screened potential participants. The main reasons for this high exclusion rate 
were less than 2 falls in the previous 6 months and the high burden of participating in the 
study due to the high number of visits to our center for training and assessments. 
 Strictly speaking, the findings described in this thesis thus apply to older persons 
with a history of falls who were motivated and able to participate in our studies, and who 
could follow an intensive gait training program from which they were judged to potentially 
benefit. Within a reasonable travel distance from the Radboudumc, this is a small population. 
However, in the general population dual task difficulties and falls are common, with 30% of 
the community dwelling older adults and even 60-80% of the PD patients experiencing at 
least one fall a year (Blake et al., 1988; Halfens et al., 2015; Rubenstein & Josephson, 2006; 
Tinetti, Speechley, & Ginter, 1988). Given these large numbers, our results may apply to a 
larger population. However, since our participants were able and motivated to follow all 
training and assessment sessions, future research should be done to verify our results in 
less mobile or motivated older adults. Ideas on how to reach such a broader population are 
provided below in the “Recommendations for future research” section of this chapter. 
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Another comment on generalizability of our results concerns our fMRI study. The paradigm we 
used was too difficult for almost 20% of our participants. This might be due to the use of task-
switching as a cognitive task in our motor-cognitive dual task. Task switching has been shown 
to be affected in patients with PD (Hanganu et al., 2015). Selection of those participants able 
to perform the dual task paradigm thus might have led to further selection bias. However, the 
same pathophysiological mechanisms likely are at play in patients able or unable to perform 
such tasks, albeit probably more severe in those who were unable to perform.
Figure 1 - Flow chart of selection procedure of patients with Parkinson’s disease and elderly fallers at the 
Radboudumc, with main exclusion reasons.
For each step in the inclusion procedure, an estimate of the number of patients or older adults is provided. Estimates 
were based on a database that tracked the inclusion procedure. It should be noted that sample sizes provided in 
the different chapters differ from the numbers in this figure. This is due to the combination of samples between 
participating sites (chapters 4, 6 and 7) or additional recruitment to maintain sufficient power (chapter 5). *Many 
elderly fallers were recruited without needing to ask them whether they were willing to be contacted by the 
researchers. They contacted us directly after being noticed about the V-TIME project and were directly screened 
by phone. 
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The balance between optimal neuroimaging and clinically relevant findings 
 Investigation of brain activity during dual task walking comes with several 
challenges. Typically, head movement should be restricted to a minimum to reliably 
measure brain activity. This is especially important for fMRI, in which small displacements 
can lead to motion artifacts. Since fMRI does offer whole brain coverage, we decided to use 
it for the purpose of investigating dual task related brain activity. We carefully constructed 
our paradigm by using ankle movements at a rhythm comparable to actual walking and 
a cognitive task resembling cognitive challenges during actual walking. Task switching 
is required to negotiate complex environments, it requires the allocation of attentional 
resources to concomitant tasks (Chapman & Hollands, 2007; Hausdorff, Schweiger, Herman, 
Yogev-Seligmann, & Giladi, 2008; Holtzer, Wang, & Verghese, 2014). Nevertheless, the 
paradigm is a highly simplified resemblance of actual walking. Simple ankle movements only 
partly resemble multiple-joint movements during actual gait. Also, implementing a switch-
stay rule while lying supine in the scanner is different from the cognitive demand during 
actual gait. However, the paradigm did allow for investigation of cerebral activity during a 
dual task consisting of lower limb movement and a cognitive task, which is comparable to 
actual dual task walking. Nonetheless, generalization of our findings to everyday complex 
walking situations should be done carefully. 
 With fNIRS, we were able to investigate cerebral activity during more valid situations 
than with fMRI, i.e. during actual walking. However, also in this paradigm we needed to make 
pragmatic choices. This precluded us from including several options to enhance sensitivity 
of our measurements. First, we used two small, lightweight and wireless fNIRS devices 
to enable walking without severe restrictions. These devices offered a limited number of 
channels with fixed distances between them. This precluded us from using a short reference 
channel to control for superficial hemodynamics (skin blood flow) (Gagnon et al., 2012). 
Also, the device did not have channels to measure an area unrelated to the task, which 
can provide information of specificity of signal changes to the prefrontal cortex. Second, 
measuring general physiological alterations such as blood pressure changes for signal 
filtering can enhance sensitivity (Scholkmann et al., 2014). Although we intended to measure 
continuous blood pressure and control for blood pressure alterations, we lacked complete 
data for most of our subjects due to pragmatic reasons, e.g. adequate blood pressure data 
collection was often too time-consuming and burdensome for participants. By contrasting 
between different task conditions, we ruled out the noise factors that are constant over 
conditions. However, some factors could differ between conditions. For example, a cognitive 
task could increase blood pressure or skin blood flow. Third, we chose a pragmatic (but 
standardized) placement method to locate our fNIRS optodes. With this placement method, 
we aimed to target the prefrontal cortex. More precisely, the dorsolateral prefrontal cortex 
is important for complex walking (Nutt, Horak, & Bloem, 2011). However, given the limited 
spatial resolution of fNIRS we chose to be less specific and discuss the prefrontal cortex in 
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general. We cannot make inferences on specific parts of the prefrontal cortex. Also, we likely 
did not specifically target the dorsolateral prefrontal cortex as we measured slightly more 
rostral (see introduction, figure 1). Thus, also in our fNIRS studies, we had to compromise on 
optimal neuroimaging to maintain feasibility. Taken together, these pragmatic choices might 
have led to decreased sensitivity, which could have contributed to the lack of detection of 
potential subtle alterations in prefrontal cortical activity in elderly fallers. 
Recommendations for future research
Which populations should be targeted?
As discussed, both our behavioral and neuroimaging outcomes suffered from (potential) 
selection bias. Further research is needed to investigate whether results can be replicated in 
other populations. One of such populations is older adults without a history of falls, but with 
a high risk of falls. For them, fall prevention training such as V-TIME might very well avoid 
future falls. Also, our study included highly motivated older adults with sufficient mobility 
to participate in our burdensome project. Especially in older persons without PD, complex 
walking impairments were mild. In persons with more severe dual task impairments and 
executive dysfunctions, prefrontal cortical mechanisms are more likely to cause complex 
walking impairments. They should thus be a target for future studies investigating the role 
of the prefrontal cortex in complex walking impairments and falls. 
 When conducting studies with older adults, careful attention should be paid to the 
needs and abilities of the targeted population. This is important during all steps of the study, 
from initiation to closure. Recently developed guidelines can help researchers to perform age 
friendly and successful studies (van der Marck, Smeulders, & Olde Rikkert, 2017). Specific for 
studies based on our work, several adaptations to the protocols are recommended to reach 
the targeted population. The training setup could be placed according to the needs and 
possibilities of older adults. It could be placed at home, or in community centers, nursing 
homes and medical centers to limit the burden of long travelling for training. One example 
is the ongoing Park-in-Shape trial, where PD patients are offered the opportunity to exercise 
at home using stationary bicycles, with remote supervision by an exercise coach (van der 
Kolk et al., 2015). Pilot work suggests that the recruitment for this study was far easier, and 
that compliance with the remotely supervised and home-based training program was very 
good. Also, it is worth investigating whether the intensity and duration (3 times per week for 
6 or 12 weeks) could be lowered without losing beneficial effects. With such adaptations, 
it can be investigated whether training effects can be generalized to a broader population. 
In addition, the tasks we used could be simplified to enable investigation of more severely 
affected patients. Especially in the fMRI paradigm, which was rather difficult, easier cognitive 
tasks will enable inclusion of patients with more severe dual task impairments. In addition, 
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applying the paradigm with a range of different cognitive tasks will increase our ability to 
estimate validity of results to dual tasking in general.
Optimizing neuroimaging protocols
In our studies, we chose to apply fNIRS and fMRI, since this enabled us to investigate 
prefrontal cortical and striatal activity during complex walking or dual tasking. A downside 
of our use of both techniques is that, except from the interventional study, we cannot make 
inferences on causality. Whether activity patterns found with fNIRS and fMRI causally relate 
to behavioral performance is unknown. However, for identification of areas potentially 
related to behavioral performance the techniques are suitable. When areas are defined, like 
we did for PD, more research should be done to interfere with identified areas. Stimulation 
techniques like transcranial magnetic stimulation (TMS), transcranial direct or alternating-
current stimulation (TDCS and TACS) or even relatively new applications of focused ultrasound 
offer the ability to stimulate or suppress certain brain areas (Legon et al., 2014; Siebner et 
al., 2009). Thereby, these techniques can be used to determine causality of activity in a 
certain area with behavioral performance. In older adults, stimulating the prefrontal cortex 
with TDCS can improve complex walking performance (Manor et al., 2016; Wrightson, 
Twomey, Ross, & Smeeton, 2015). This is in line with our finding that the prefrontal cortex 
is involved in complex walking. Our finding that this involvement is not different between 
elderly fallers and controls could be verified using such techniques. Also, combining fMRI 
or fNIRS with stimulation techniques is an exciting new research line. Simultaneous brain 
activity measurement and interference with an area can show direct causal consequences 
of altered activity in brain areas (Siebner et al., 2009).
 Another recommendation for future studies is to consider using the latest 
technological developments. Nowadays, new mobile fNIRS devices have been developed. 
These devices offer mobile measurements over multiple channels. This enables 
measurement of and comparisons between multiple subareas within the prefrontal cortex, 
superficial (skin) layers and reference areas unrelated to the task, thereby enlarging spatial 
accuracy. Also, placement could be improved by using other techniques such as TMS or 
MRI to define the optode placement over a specific brain area. Perhaps with such a more 
sensitive measurement, altered prefrontal cortical functioning could be detected in elderly 
fallers too. If detected with such more sensitive measurements, the clinical relevance of 
(likely subtle) altered prefrontal cortical functioning should be determined before applying 
targeted treatment.
Combining pathophysiological and clinically oriented studies
We chose to combine the more fundamental (pathophysiological) studies with a clinically 
oriented study (prevention of falls). This comes with several pros and cons. Advantages are 
that combining both is pragmatic and offers the possibility of identifying neural mechanisms 
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and immediately study training induced alterations in the same sample. Also, the training 
program might have been an incentive for participation. A disadvantage is that optimal 
protocols for clinical and more fundamental research often differ. First, for our clinical 
fall prevention study we chose to include older adults with a history of falls and potential 
benefit from gait training. These older adults did not necessarily fall because of impaired 
complex walking abilities, but were included in the pathophysiological studies too. In these 
studies, specifically including older adults with impaired complex walking would have 
increased our chances to detect altered neural mechanisms. Second, combining both study 
types did increase the burden placed on participants. Due to this high expected burden, 
fewer older adults were willing to participate. This increased the potential selection bias and 
restricted external validity of both the clinical and the more fundamental part of our project. 
Thus, when combining pathophysiological and clinical research goals in one study, potential 
contamination should carefully be considered or studies should be split. 
Implications for treatment
The results and mechanisms we propose in this thesis should be verified and further 
investigated in future studies. However, when confirmed in future work, they could lead to 
several implications for treatment. 
 Considering elderly fallers, the sample we included in our studies was heterogeneous. 
Overall, prefrontal cortical functioning was not altered in this sample. As discussed, 
future research could lead to the detection of altered prefrontal cortical functioning as a 
mechanism underlying complex walking impairments in specific subgroups. However, even 
then, we should avoid focusing on a single mechanism in treatment. The general older adult 
population is heterogeneous in nature and causes for falls are multifactorial (Ambrose, Cruz, 
& Paul, 2015). As a consequence, in each individual it seems implausible that one mechanism 
solely explains complex walking impairments. Rather, the problem of impaired complex 
walking should be approached in a multifactorial manner. Identifying which mechanisms 
are at play in individuals and how much each mechanism contributes to the problem will 
lead to more targeted and likely more successful treatment. 
 In general, PD patients form a heterogeneous group as well, in fact even more 
so than (healthy) older adults. The course of the disease can differ markedly between 
patients, and several different subtypes of PD have been described (Herman, Weiss, 
Brozgol, Giladi, & Hausdorff, 2014; Jankovic et al., 1990). However, all patients have in 
common that there is severe dopamine depletion in the striatum, which may introduce 
specific mechanisms underlying complex walking impairments. For patients who have 
difficulties in complex walking situations, the two mechanisms we defined might largely 
contribute to their difficulties, and thus provide a target for treatment. One approach would 
be to enlarge the ability to recruit additional prefrontal resources during more complex 
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walking. This could be done by reducing prefrontal load during usual walking, i.e. training 
gait to be more automatic. This is challenging, since one of the dominant symptoms of PD 
is reduced movement automaticity (Wu et al., 2015). Alternatively, cognitive or combined 
motor-cognitive training might reduce deterioration of prefrontal resources or enable 
additional recruitment of these resources during complex gait. Gait training in PD should 
preferably include cognitive challenges, which could be implemented via virtual reality like 
in the V-TIME project (chapter 7). When adding virtual reality is impossible, choosing rich 
environments as training location or engaging the patient in conversation while training are 
alternative options. Another approach would be to reduce the loss of striatal segregation 
in which dopamine depletion likely plays a role. However, as discussed, loss of segregation 
might be compensatory for certain situations. The mechanisms should thus be further 
understood before targeting it in treatment. 
Concluding remarks
The work described in this thesis leads to further understanding of cognitive control of gait 
in aging and Parkinson’s disease. In PD, we provided a potential mechanism causing complex 
walking impairments, involving striatal dysfunction. More specifically, loss of segregation 
within the striatum might cause complex walking impairments. We also provided further 
evidence that the prefrontal cortex is involved in complex walking. Interestingly, prefrontal 
cortical activity during complex walking was altered in PD patients, but not in elderly fallers. 
Altered prefrontal cortical functioning during complex walking might thus have a specific 
role in complex walking impairments in older adults with PD, but less so in elderly fallers. In 
elderly fallers, other mechanisms likely cause complex walking impairments. Multifactorial 
mechanisms of impaired complex walking abilities should be considered and research and 
treatment should be targeted at those mechanisms contributing most. In older adults with 
PD, the two mechanisms we provide might be promising targets for new treatments. 
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Introductie
Lopen is complex, het vereist meer dan alleen de ene voet voor de andere zetten. Tijdens 
het lopen zijn we, vaak onbewust, met allerlei verschillende dingen bezig. We schatten 
bijvoorbeeld in hoe hoog de stoeprand is, ontwijken obstakels, praten met anderen en 
bedenken welke route het snelst is. Voor velen gaat dit veilig en zonder problemen, de 
hersenen zijn in staat alle verschillende opdrachten tegelijkertijd uit te voeren. Maar voor 
veel ouderen is lopen niet zo vanzelfsprekend. Maar liefst 30 procent van de ouderen valt 
minimaal eens per jaar, meestal tijdens het lopen. Bij ouderen met de ziekte van Parkinson 
ligt dit percentage nog hoger. De gevolgen van vallen kunnen ernstig zijn en leiden tot 
beperkingen, afhankelijkheid, angst om te vallen en sociale isolatie. Vanwege het grote 
probleem in deze populaties, heb ik mij in dit proefschrift gericht op ouderen met en zonder 
Parkinson die in het verleden gevallen waren. Vallen kan vaak voorkomen worden door het 
lopen te trainen, met name lopen in complexe situaties. 
 Om goed te kunnen trainen is het van groot belang om te begrijpen waarom ouderen 
met en zonder Parkinson moeite hebben met lopen in complexe omgevingen. Vandaar 
dat mijn promotieonderzoek gericht was op de onderliggende neurale mechanismen. 
Eerder onderzoek liet zien dat de prefrontale cortex (voor zowel ouderen met als zonder 
de ziekte van Parkinson), en het striatum (voor ouderen met Parkinson) een rol kunnen 
spelen bij moeilijkheden met lopen. Door de neuroimaging techniek fNIRS (functional 
near infrared spectroscopy) te gebruiken, kon ik hersenactiviteit in de prefrontale cortex 
meten tijdens daadwerkelijk lopen. Met fMRI (functional magnetic resonance imaging) 
heb ik hersenactiviteit over het gehele brein, maar met specifieke interesse in het striatum 
gemeten tijdens een opdracht in de MRI-scanner die lopen nabootste: het maken van 
voetbewegingen terwijl ook een andere opdracht gedaan werd. 
Ik heb fNIRS en fMRI toegepast in verschillende cross-sectionele studies, gericht op het 
achterhalen van mechanismen achter moeilijkheden met lopen (hoofdstuk 3-6). Daarnaast 
heb ik met fNIRS onderzocht of deze mechanismen door training te beïnvloeden zijn 
(hoofdstuk 6). Deze training was gericht op het verbeteren van lopen in complexe situaties 
en onderdeel van het Europese V-TIME project (hoofdstuk 7). Alle studies in dit proefschrift 
zijn deel van dit project, waar ik de laatste 5 jaar aan meegewerkt heb. 
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Resultaten
Voorbereidende studies
Ten eerste hebben wij een overzicht van bestaande kennis over de oorzaken en behandeling 
van problemen met lopen en balans beschreven (hoofdstuk 2). Belangrijkste punten in dit 
overzicht zijn dat loop- en balansproblematiek te verbeteren zijn door training, dat voor 
lopen en balans verschillende hersennetwerken bestaan en hiermee rekening gehouden 
moet worden, en dat het van belang is onderscheid te maken tussen mechanismen die 
problematiek veroorzaken (pathologische mechanismen) en mechanismen die hiervoor 
compenseren (compensatoire mechanismen). Wanneer de pathologische progressie door 
training niet te stoppen is, kunnen compensatoire mechanismen wellicht gestimuleerd 
worden. Ten tweede hebben wij in een groep patiënten met Parkinson getest of we met 
fNIRS in staat waren om tijdens het lopen prefrontale hersenactiviteit te meten (hoofdstuk 
3). Uit deze studie bleek dat het haalbaar is om prefrontale activiteit tijdens lopen en 
‘complex lopen’ (lopen en tegelijkertijd rekenen of getallenreeksen nazeggen) met fNIRS te 
meten. 
Afwijkende hersenactiviteit tijdens lopen bij ouderen met de ziekte van Parkinson
In hoofdstuk 4 onderzochten we met fNIRS of prefrontale activiteit tijdens lopen en lopen 
in complexe situaties bij ouderen met de ziekte van Parkinson anders was dan bij gezonde 
controles. Waar gezonde controles tijdens een meer complexe taak (lopen en rekenen) 
meer prefrontale activiteit hadden dan tijdens lopen zonder extra opdracht, was dit bij 
ouderen met Parkinson niet het geval. Zij hadden al verhoogde activiteit tijdens lopen 
zonder extra opdracht. Deze verhoogde activiteit reflecteert mogelijk compensatie voor 
verlies van automatisme van bewegingen. De ziekte van Parkinson kenmerkt zich namelijk 
door dopaminetekort in het dorsolaterale putamen, een gebied dat belangrijk is voor 
automatische bewegingen zoals lopen deels is. Wanneer de prefrontale cortex tijdens lopen 
al verhoogd actief is, is er mogelijk weinig ruimte meer voor extra gebruik van de prefrontale 
cortex wanneer het lopen complexer wordt, wat tot moeilijkheden leidt. 
 In hoofdstuk 5 gebruikten we fMRI om hersenactiviteit bij ouderen met Parkinson 
te meten tijdens het doen van twee opdrachten tegelijkertijd (een dubbeltaak). Dit deden 
we terwijl deelnemers ritmische voetbewegingen maakten en tegelijkertijd moesten 
reageren op de richting van een pijl of een woord (‘links’ of ‘rechts’). De moeilijkheid 
van deze opdracht was dat deelnemers soms op het woord en soms op de pijl moesten 
reageren. Ouderen met Parkinson hadden meer moeite met het uitvoeren van de twee 
opdrachten tegelijkertijd. Zij maakten meer fouten in de pijl/woord opdracht en konden 
het ritme van de voetbewegingen slechter volgen. Interessant was dat tijdens het uitvoeren 
van de twee opdrachten tegelijkertijd ouderen met Parkinson meer activiteit in een deel 
van het striatum dan gezonde ouderen hadden. Het gebied waar zij meer activiteit hadden 
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(het ventro-posterior putamen) was niet actief wanneer één van de twee opdrachten apart 
uitgevoerd werd. Bovendien presteerden deelnemers met meer activiteit in dit gebied 
slechter. Vermoedelijk was de extra activiteit dus niet functioneel, maar juist schadelijk 
voor dubbeltaken. Een mogelijk verklaring is dat dopaminetekort in het striatum ervoor 
zorgt dat hersenbanen die normaal keurig naast elkaar lopen verweven raken, waardoor 
moeilijkheden ontstaan als deze hersenbanen tegelijkertijd ingezet moeten worden. 
 
Geen afwijkende hersenactiviteit tijdens lopen bij ouderen zonder de ziekte van 
Parkinson
Naast ouderen met Parkinson hebben we ons ook gericht op ouderen zonder neurologische 
aandoening die wel gevallen waren. In hoofdstuk 6 onderzochten wij of prefrontale activiteit 
tijdens complex lopen, gemeten met fNIRS, afweek tussen ouderen die wel en niet gevallen 
waren in het afgelopen half jaar. Hoewel ouderen die gevallen waren meer moeite hadden 
met complex lopen dan controles vonden wij geen verschillen in hersenactiviteit tijdens lopen 
(al dan niet in complexe situaties) tussen de twee groepen. Na deze eerste metingen kregen 
ouderen die gevallen waren 6 weken loopbandtraining met of zonder virtuele werkelijkheid. 
Dankzij toevoeging van de virtuele werkelijkheid kon specifiek getraind worden op het lopen 
in complexe situaties. Zo wilden wij onderzoeken of deze trainingen het lopen verbeterden 
en of hersenactiviteit tijdens lopen door training veranderde. Beide trainingen hadden effect, 
deelnemers gingen sneller lopen (hoofdstuk 6 en 7). Bovendien zorgde loopbandtraining 
met virtuele werkelijkheid voor meer afname van het aantal vallen dan loopbandtraining 
zonder virtuele werkelijkheid, al gold dit vooral voor ouderen met Parkinson (hoofdstuk 7). 
Ook beïnvloedden de trainingen prefrontale hersenactiviteit tijdens lopen verschillend. Wij 
vonden echter geen verband tussen veranderingen in hersenactiviteit en het verbeteren 
van lopen. Deze bevindingen impliceren dat bij ouderen zonder Parkinson moeilijkheden 
met lopen in complexe situaties niet, of minimaal, beïnvloed worden door afwijkende 
prefrontale hersenactiviteit. Mogelijk spelen andere mechanismen een grotere rol. 
Conclusie en aanbevelingen
-In dit proefschrift beschrijven wij twee mogelijke Parkinson-specifieke mechanismen 
die kunnen leiden tot moeilijkheden met lopen in complexe situaties. Ten eerste kan 
verminderde scheiding tussen hersenbanen in het striatum zorgen voor problemen 
wanneer twee hersenbanen tegelijk actief zijn, zoals tijdens lopen in complexe omgevingen. 
Ten tweede zorgt verhoogde prefrontale hersenactiviteit tijdens lopen ervoor dat, wanneer 
nodig tijdens lopen in complexere situaties, de prefrontale cortex niet extra geactiveerd kan 
worden. Dit was niet het geval bij ouderen zonder de ziekte van Parkinson. Voor hen spelen 
waarschijnlijk andere mechanismen een grotere rol in loopproblematiek. 
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Multifactoriële mechanismen achter loopproblematiek moeten aandacht krijgen. Wanneer 
in kaart kan worden gebracht welke specifieke mechanismen het sterkst meespelen kan 
onderzoek en behandeling daarop gericht worden. Ook moeten onze onderzoeksresultaten 
verder uitgediept worden. Een selecte groep ouderen nam deel aan onze studies; zij waren 
gevallen, sterk gemotiveerd tot deelname en in staat om protocollen en trainingen te volgen. 
Of dezelfde resultaten gelden voor meer kwetsbare ouderen met meer moeite met lopen 
in complexe situaties moet onderzocht worden. Dit kan bijvoorbeeld door makkelijkere 
opdrachten te gebruiken (met name tijdens fMRI), de belasting van metingen te verlichten 
of door de trainingen thuis of in buurcentra aan te bieden.
 Dit proefschrift leidde tot meer inzicht in cognitieve controle van lopen bij ouderen 
met en zonder Parkinson. Voor ouderen met Parkinson bieden de twee neurale mechanismen 
mogelijke aanknopingspunten voor het ontwikkelen van nieuwe behandelingen.   
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Enorm bedankt! Dat is de boodschap van dit allerlaatste hoofdstuk, aan iedereen die op één 
of andere manier een bijdrage heeft geleverd aan dit proefschrift. Onderzoek doen kan niet 
alleen en een promotie afronden al helemaal niet. Gelukkig had ik hulp van vele kanten en 
dat had ik zeker nodig. 
Allereerst wil ik alle deelnemers, en hun naasten, bedanken. Wat heb ik veel van jullie 
gevraagd. Ik verbaasde me dagelijks over het enthousiasme waarmee velen van jullie 
bezoek na bezoek bij ons kwamen. Hoe eindeloos ons meetprotocol ook leek, jullie 
leken onvermoeibaar! Het was heerlijk om zoveel verschillende persoonlijkheden en 
levensverhalen te leren kennen. Het vele contact met jullie was absoluut één van de leukste 
onderdelen van mijn promotie. 
 
En dan mijn (co)promotoren, wat heb ik daar veel mazzel mee gehad. Bedankt voor het 
vertrouwen dat jullie me gaven. Niet alleen inhoudelijk en persoonlijk, maar ook in het 
proces van (internationale) samenwerking heb ik enorm van jullie geleerd.  Marcel, met 
jouw klinische en kritische blik wist je me altijd te prikkelen met de juiste vragen en zo in de 
goede richting te duwen. Bovendien stonden jij en Bas altijd klaar als ik met mijn handen in 
het haar om hulp kwam vragen. Bas, overleggen met jou waren een echte powerboost, ik 
liep altijd vol goede moed en plannen je kamer weer uit. Rick, wat ben jij zowel klinisch als 
onderzoeks-inhoudelijk een kei. Je denkt altijd sneller en een paar stappen verder dan ik. 
De mogelijkheden en aanknopingspunten die jij ziet maken elk onderzoek beter. Bovendien 
werkt jouw gedrevenheid aanstekelijk en werken we heerlijk samen. Bedankt dat je mijn 
kwaliteiten ziet en zelfs mijn postdoc mogelijk maakte. En Miriam, wat was jij een fijne 
dagelijks begeleidster. Naast uitstekende inhoudelijke hulp wist je mij op persoonlijk vlak 
door de ups en downs van het promotieproces te begeleiden. Als ik aan kwam lopen zag 
je al hoe de vlag erbij hing. Zoveel begrip, opgewektheid en vrolijkheid in één persoon is 
fantastisch. Consortium meetings waren ongeacht de meeting zelf een feest. Ik hoop dat we 
onze ‘even-een-biertje-doen-avonden’ er nog lang in houden!
Naast mijn promotieteam had ik nog twee zeer waardevolle begeleiders. Jurgen, wat hebben 
wij veel blauw-rode fNIRS-signalen voorbij zien komen. Als ik met mijn ideeën bij je kwam 
wist jij de open eindjes aan elkaar te knopen. Bovendien ging geen overleg voorbij zonder 
een kwartiertje geouwehoer en gelach, heerlijk! Ivan, without you I definitely would still be 
staring at fMRI images without a clue how to analyse them. Thank you for your patience 
while waiting for my first MRI results. You seem like an inexhaustible pool of neuroimaging 
knowledge with no limits on possible analyses and toolboxes. It is great to now be working 
with you on several different projects.
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Ook wil ik Roshan Cools, Ria Nijhuis-van der Sanden en Bob van Hilten bedanken voor het 
plaatsnemen in de manuscriptcommissie en de beoordeling van dit proefschrift. Also thanks 
to Nathalie van der Velde, Noël Keijsers, Alice Nieuwboer and Lynn Rochester for taking 
the effort to come to my defence and be part of the doctoral examination board.  
Gelukkig kwam er gedurende mijn promotie hulp uit allerlei hoeken. Ten eerste de trainsters 
en onderzoeksassistenten: Marieke, Jessica, Frency, Mirjam, Iris, Ginny en Ilse, jullie 
maakten dat onze deelnemers, en ik, graag naar Dekkerswald kwamen. Dankzij jullie werd 
zelfs de kelder daar een gezellige ruimte. Ik hoop dat de nachtmerries over rode vlaggetjes 
en ijscokar-geluiden inmiddels verdwenen zijn! Ook is er een enorme bult werk verzet door 
stagiaires en enkele enthousiastelingen die ervaring op wilden doen in onderzoek: Malou, 
Rens, Jordy, Martijn, Nina, Corina, Michelle, Koen, Tiele, Jurre, Ingrid, Michiel en Anouk, 
zonder jullie hulp bij metingen, rekrutering, analyses en al het andere werk dat jullie verzet 
hebben was V-TIME een flop geweest. Ook heel veel dank voor iedereen die bijgedragen 
heeft aan het rekruteren van deelnemers, zowel binnen het Radboudumc als daarbuiten 
(CWZ, Rijnstate, Maasziekenhuis Pantein, Marian Schijf en velen anderen). 
Without the V-TIME project I would not have done the research presented in this thesis. Thanks 
to the entire V-TIME consortium for all their hard, great and valuable work. The consortium 
meetings always were a great pleasure. I will never forget our nights out with the final karaoke 
party as highlight! Special thanks to Anat, your dedication and commitment to V-TIME were 
unmatched. And of course many thanks to Inbal and Hagar for all the skype calls, emails and 
discussions on so many preliminary results and drafts that helped to improve our work. 
Ik werkte op drie locaties en op elke locatie kon ik rekenen op gezelligheid en steun. Alle 
(oud) collega’s van de afdeling Geriatrie, Dekkerswald en het DCCN bedankt voor alle 
gezellige overleggen, lunchwandelingen, borrels, etentjes, pub quizzen, promotiefeestjes en 
nog zoveel meer. Ik kan niet iedereen afzonderlijk noemen, maar een paar van jullie wil ik 
eruit pikken. Uiteraard (een selectie van) mijn kamergenootjes van afgelopen jaren. Anouk, 
Franka, Kim, Anne, Hans, Emile, Christina, Miguel, Jennifer en Jill, jullie zorgden ervoor 
dat promoveren leuk bleef. De intention and action groep, bedankt dat ik kon aanhaken 
wanneer ik niet op een andere afdeling was, de groupmeetings en -drinks waren gezellig en 
maakten mij een betere onderzoeker. Daan, de squash pauzes werkten altijd verfrissend. 
Anne, wat fijn dat we in de afronding samen konden optrekken. Geke, bedankt dat je me bij 
de heerlijke trainingen van Nijmegen Atletiek introduceerde. 
Jill en Jennifer, bedankt voor zo’n enorm prettig en gezellig kantoor, alle ‘we-hebben-wat-te-
vieren-borrels’, het inhaken op mijn zucht en steun-momentjes, het tolereren van mijn muziek 
tijdens werk en natuurlijk voor de controle op het uitlijnen van mijn teksten.
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Natuurlijk bestaat er een wereld naast werk. En die is enorm belangrijk voor me. Jonneke, 
Michael en Noera, bedankt voor alle eet-dates, spelletjesavonden, sportuurtjes, festivals, 
wintersport, zomervakantie en alles dat ik vergeet! Marck, Kars en HP, hoewel we niet 
om de hoek wonen voelt elke avond of dag met jullie als vanouds vertrouwd. We houden 
de wielrenrondjes en bierproeverijen erin! Mudje, Pollie, Pieter, BP, Justin, Mattie, 
Paul, Marco en Bob, we transformeren langzaam van een stelletje studenten naar heuse 
huisvaders maar de avonden blijven heerlijk. Wanneer staat het volgende clubweekend 
of reis gepland?! Zin in! En dan is er nog een hele lijst Golfbrekers die ik wil bedanken. 
Zwemmen was niet het belangrijkste, dat was de gezelligheid en die zetten we vrolijk door. 
Anique (en Marcel), Linda, Roos, Remco, Marlies, Anne, Marlou, Frank en Menno, bedankt 
voor alle gezellige weekendjes weg (Noordwijk, Willingen, Ardennen), slaapplekjes in verre 
steden en hilarische dansmoves. En de Nimma-groep, Rio, Hans, Kay, Rick, Jachym, Jeroen, 
Huub en Wangi, ik zie jullie niet vaak maar geniet volop als dat wel zo is. De burger-escape-
card staat klaar om ingezet te worden na mijn promotie! 
Liza, Coen, Evelien, Winant, Albert en Els, jullie zorgden voor de nodige ontspanning en 
gezelligheid. Laten we nog vaak met een dubbele-punt-D-lach rondlopen! Opa en Oma, 
jullie zijn fantastische mensen en een prachtig voorbeeld van hoe je samen oud kan worden. 
Jullie staan altijd voor mij klaar. Jullie hebben zelfs als één van de eersten onze loopband 
getest, bedankt! Inge, Jan-Willem, Milou, Nikki en Jens, wat is het heerlijk om een grote 
zus met zo’n leuk gezin als voorbeeld te hebben. Het is altijd leuk iets met jullie te doen 
en te keten als ome-Freek! Pap en Mam, dankzij jullie vertrouwen in de kleine Frekeman 
heb ik altijd kunnen doen wat ik wilde en interessant vond. Bedankt voor een fantastische 
jeugd, alle ruimte, het vertrouwen en de mogelijkheden die jullie mij geven! En als laatste de 
allerbelangrijksten in mijn leven, Bente en Janna. Jullie weten niet half hoeveel jullie voor 
mij betekenen. Bedankt, jullie maken mij gelukkig. Ik wil niet weten wie ik zonder jullie zou 
zijn.  
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Freek Nieuwhof (1986, Nijmegen) started studying Human Movement Sciences at the 
university of Groningen in 2004. During his bachelor studies, he got intrigued by brain (dys)
function and its effects on human movement. Therefore, he continued with the research 
master in human movement sciences, specializing in movement, aging & health. During his 
studies, he was involved in several scientific research projects on neurological disorders, 
cognition and movement and obtained his master’s degree in 2010. In 2012 he started 
his PhD project at the departments of geriatric medicine and neurology of the Radboud 
university medical center. He studied neural mechanisms underlying complex walking 
impairments in older adults and patients with Parkinson’s disease, as part of the European 
project V-TIME. This resulted in this doctoral thesis. In 2016, Freek continued to work for the 
Radboudumc department of neurology at the Donders Centre for Cognitive Neuroimaging. 
There he performs fMRI analyses for several projects investigating gait impairments in 
Parkinson’s disease and spinocerebellar ataxia. Since April 2017, he has a postdoctoral 
position, working on identification of cerebral mechanisms underlying tremor in Parkinson’s 
disease, Essential tremor and dystonia (combined tACS-fMRI studies).   
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Donders Graduate School for Cognitive Neuroscience
DONDERS GRADUATE SCHOOL FOR COGNITIVE NEUROSCIENCE
For a successful research Institute, it is vital to train the next generation of young scientists. 
To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour established 
the Donders Graduate School for Cognitive Neuroscience (DGCN), which was officially 
recognised as a national graduate school in 2009. The Graduate School covers training at 
both Master’s and PhD level and provides an excellent educational context fully aligned with 
the research programme of the Donders Institute. 
The school successfully attracts highly talented national and international students in 
biology, physics, psycholinguistics, psychology, behavioral science, medicine and related 
disciplines. Selective admission and assessment centers guarantee the enrolment of the 
best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni show 
a continuation in academia with postdoc positions at top institutes worldwide, e.g. Stanford 
University, University of Oxford, University of Cambridge, UCL London, MPI Leipzig, Hanyang 
University in South Korea, NTNU Norway, University of Illinois, North Western University, 
Northeastern University in Boston, ETH Zürich, University of Vienna etc.. Positions outside 
academia spread among the following sectors: specialists in a medical environment, mainly 
in genetics, geriatrics, psychiatry and neurology. Specialists in a psychological environment, 
e.g. as specialist in neuropsychology, psychological diagnostics or therapy. Positions in higher 
education as coordinators or lecturers. A smaller percentage enters business as research 
consultants, analysts or head of research and development. Fewer graduates  stay in a 
research environment as lab coordinators, technical support or policy advisors. Upcoming 
possibilities are positions in the IT sector and management position in pharmaceutical 
industry. In general, the PhDs graduates almost invariably continue with high-quality 
positions that play an important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/

